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LOGIC CIRCUIT, SEMICONDUCTOR
DEVICE, ELECTRONIC COMPONENT, AND
ELECTRONIC DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

One embodiment of the present invention disclosed in the
specification, the drawings, and the claims of this applica-
tion (hereinafter referred to as “this specification and the
like”) relates to a logic circuit, a semiconductor device such
as a processing device, a driving method thereof, a manu-
facturing method thereof, and the like. One embodiment of
the present invention is not limited to the shown technical
field. For example, one embodiment of the present invention
relates to a memory device, a processing device, an imaging
device, a display device, a light-emitting device, a power
storage device, a driving method thereof, and a manufac-
turing method thereof.

2. Description of the Related Art

Logic circuits can be classified into static logic circuits,
dynamic logic circuits, pseudo logic circuits, and the like.
Operation of dynamic logic circuits implies to store data
temporarily; thus, leakage current from transistors causes
more severe problems in dynamic logic circuits than in static
logic circuits. When leakage current from transistors is large,
the data stored in the dynamic logic circuits is lost. Leakage
current is attributed to off-state current flow when transistors
are off For example, Patent Documents 1 and 2 disclose that
leakage current in dynamic logic circuits can be reduced
when transistors in each of which a channel is formed using
an oxide semiconductor are provided.

REFERENCE
Patent Documents

[Patent Document 1] Japanese Published Patent Application
No. 2013-9311

[Patent Document 2] Japanese Published Patent Application
No. 2013-9313

SUMMARY OF THE INVENTION

An object of one embodiment of the present invention is
to provide a novel semiconductor device or a method for
operating the novel semiconductor device. Another object of
one embodiment of the present invention is to reduce power
consumption or to reduce the number of elements. Note that
the description of a plurality of objects does not mutually
preclude the existence. One embodiment of the present
invention does not necessarily achieve all the objects.
Objects other than those listed above are apparent from the
description of the specification, drawings, and claims, and
also such objects could be an object of one embodiment of
the present invention.

One embodiment of the present invention is a logic circuit
including a dynamic logic circuit, a first output node, and a
capacitor. The dynamic logic circuit includes a second
output node. Transistors in the dynamic logic circuit have an
n-type conductivity or a p-type conductivity. The first output
node is electrically connected to a first terminal of the
capacitor. The second output node is electrically connected
to a second terminal of the capacitor. In this embodiment, the
transistors in the dynamic logic circuit may each include an
oxide semiconductor in which a channel is formed.
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One embodiment of the present invention is a logic circuit
including a dynamic logic circuit, a first output node, a first
transistor, and a capacitor. The dynamic logic circuit
includes a second output node. The first transistor and
second transistors in the dynamic logic circuit have an
n-type conductivity or a p-type conductivity. The first output
node is electrically connected to a first terminal of the
capacitor. The second output node is electrically connected
to a second terminal of the capacitor. The first transistor is
diode-connected. A first terminal of the first transistor is
electrically connected to the first output node. A first voltage
is input to a second terminal of the first transistor. In this
embodiment, the first transistor and the second transistors in
the dynamic logic circuit may each include an oxide semi-
conductor comprising a channel formation region.

One embodiment of the present invention can provide a
novel semiconductor device or a method for operating the
novel semiconductor device. For example, one embodiment
of the present invention can reduce power consumption or
can reduce the number of elements. Note that the description
of the plurality of effects does not disturb the existence of
other effects. In one embodiment of the present invention,
there is no need to obtain all the effects described above. In
one embodiment of the present invention, an object other
than the above objects, an effect other than the above effects,
and a novel feature other than the above features will be
apparent from the description of the specification and the
like and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a circuit diagram showing a configuration
example of a logic circuit;

FIG. 2 is a timing chart showing an operation example of
a logic circuit;

FIG. 3 is a circuit diagram showing a configuration
example of a logic circuit;

FIG. 4 is a timing chart showing an operation example of
a logic circuit;

FIG. 5 is a circuit diagram showing a configuration
example of a logic circuit;

FIG. 6 is a circuit diagram showing a configuration
example of a logic circuit;

FIG. 7 is a circuit diagram of a logic circuit on which
simulation is performed;

FIG. 8 is a timing chart of the logic circuit shown in FIG.
7,

FIGS. 9A and 9B are graphs showing simulation results;

FIG. 10 is a block diagram showing a configuration
example of a memory device;

FIGS. 11A to 11C are circuit diagrams showing configu-
ration examples of a memory cell;

FIG. 12 is a circuit diagram showing a configuration
example of a row decoder;

FIG. 13 is a circuit diagram showing a configuration
example of an AND circuit;

FIG. 14 is a cross-sectional view illustrating a structure
example of a memory device;

FIG. 15 is a cross-sectional view illustrating a structure
example of a memory device;

FIG. 16A is a block diagram showing a configuration
example of an imaging device, and FIG. 16B is a circuit
diagram showing a configuration example of a pixel;

FIG. 17 is a cross-sectional view illustrating a structure
example of an imaging device;
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FIG. 18 is a block diagram showing a configuration
example of a display device;

FIGS. 19A and 19B are circuit diagrams each showing a
configuration example of a pixel;

FIG. 20 is an exploded perspective view illustrating a
structure example of a display device;

FIGS. 21A and 21B are plan views each illustrating a
structure example of an element substrate of a display panel;

FIGS. 22A and 22B are cross-sectional views each illus-
trating a device structure example of a display device;

FIG. 23 is a block diagram showing a CPU configuration
example;

FIG. 24 is a block diagram showing an RFIC configura-
tion example;

FIG. 25A is a flowchart showing a manufacturing method
example of an electronic component, and FIG. 25B is a
schematic perspective view showing a structure example of
an electronic component;

FIG. 26 illustrates examples of electronic devices;

FIGS. 27A and 27B illustrate an example of an electric
vehicle;

FIGS. 28A to 28F illustrate examples of electronic
devices;

FIG. 29A is a plan view illustrating a structure example of
an OS transistor, and FIGS. 29B to 29D are cross-sectional
views of FIG. 29A;

FIG. 30A is a partial enlarged view of FIG. 29B, and FIG.
30B is an energy band diagram of an OS transistor;

FIGS. 31A to 31C are cross-sectional views each illus-
trating a structure example of an OS transistor; and

FIGS. 32A and 32B are cross-sectional views each illus-
trating a structure example of an OS transistor.

DETAILED DESCRIPTION OF THE
INVENTION

In this specification and the like, a semiconductor device
refers to a device that utilizes semiconductor characteristics,
and means a circuit including a semiconductor element (e.g.,
atransistor or a diode), a device including the circuit, and the
like. The semiconductor device also means any device that
can function by utilizing semiconductor characteristics. For
example, an integrated circuit, and a chip including an
integrated circuit are semiconductor devices. Moreover, a
memory device, a display device, a light-emitting device, a
lighting device, an electronic device, and the like themselves
might be semiconductor devices, or might each include a
semiconductor device.

Furthermore, in this specification and the like, an explicit
description “X and Y are connected” means that X and Y are
electrically connected, X and Y are functionally connected,
and X and Y are directly connected. Accordingly, without
being limited to a predetermined connection relationship, for
example, a connection relationship shown in drawings or
texts, another connection relationship is included in the
drawings or the texts. Note that X and Y each denote an
object (e.g., a device, an element, a circuit, a wiring, an
electrode, a terminal, a conductive film, or a layer).

Note that a transistor includes three terminals: a gate, a
source, and a drain. A gate is a terminal which functions as
a control terminal for controlling the conduction state of a
transistor. Depending on the type of the transistor or levels
of potentials applied to the terminals, one of two input/
output terminals functions as a source and the other func-
tions as a drain. Therefore, the terms “source” and “drain”
can be switched in this specification and the like. In this
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specification and the like, the two terminals other than the
gate may be referred to as a first terminal and a second
terminal.

A node can be referred to as a terminal, a wiring, an
electrode, a conductor, an impurity region, or the like
depending on a circuit configuration, a device structure, and
the like. Furthermore, a terminal and the like can be referred
to as a node.

In many cases, a voltage refers to a potential difference
between a certain potential and a reference potential (e.g., a
ground potential (GND) or a source potential). Thus, a
voltage can be referred to as a potential and vice versa. Note
that the potential indicates a relative value. Accordingly,
“ground potential” does not necessarily mean O V.

In this specification and the like, the terms “film” and
“layer” can be interchanged depending on the case or
circumstances. For example, in some cases, the term “con-
ductive film” can be used instead of the term “conductive
layer”, and the term “insulating film” can be used instead of
the term “insulating layer”.

In this specification and the like, ordinal numbers such as
first, second, and third are used to avoid confusion among
components, and the terms do not limit the components
numerically or do not limit the order.

In the drawings, the same components, components hav-
ing similar functions, components formed of the same
material, or components formed at the same time are
denoted by the same reference numerals in some cases, and
description thereof is not repeated in some cases. When the
same reference numerals need to be distinguished from each
other, “_17,“_2”, “<n>", “[m, n]”, or the like may be added
to the reference numerals. For example, in the case where a
plurality of wirings WL are individually distinguished from
each other, the wiring WL in the second row may be
described as a wiring WL[2] using a row number.

In this specification and the like, for example, a power
supply voltage VDD is abbreviated to “voltage VDD”,
“VDD?, or the like in some cases. The same applies to other
components (e.g., a signal, a voltage, a potential, a circuit,
an element, an electrode, and a wiring).

In the drawings, the size, the layer thickness, or the region
is exaggerated for clarity in some cases. Thus, embodiments
of the present invention are not limited to such a scale. Note
that the drawings are schematic views showing ideal
examples, and embodiments of the present invention are not
limited to shapes or values shown in the drawings. For
example, the following can be included: variation in signal,
voltage, or current due to noise or difference in timing.

In this specification, terms for describing arrangement,
such as “over”, “above”, “under”, and “below”, are used for
convenience in describing a positional relationship between
components with reference to drawings in some cases.
Furthermore, the positional relationship between compo-
nents is changed as appropriate in accordance with a direc-
tion in which each component is described. Thus, there is no
limitation on terms used in this specification, and description
can be made appropriately depending on the situation.

The positional relationship of circuit blocks in a block
diagram shown in the drawing is specified for description.
Even when a block diagram shows that different functions
are achieved by different circuit blocks, one circuit block
may be actually configured to achieve different functions.
Functions of circuit blocks in a diagram are specified for
description, and even when a diagram shows one circuit
block performing given processing, a plurality of circuit
blocks may be actually provided to perform the processing.
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Embodiments of the present invention are described
below, and any of the embodiments can be combined as
appropriate. In addition, in the case where some structure
examples are given in one embodiment, any of the structure
examples can be combined as appropriate. Furthermore, the
present invention can be implemented in various different
modes, and it is easily understood by those skilled in the art
that modes and details of the present invention can be
changed in various ways without departing from the spirit
and scope of the present invention. Thus, the present inven-
tion should not be interpreted as being limited to the
following description of the embodiments.

(Embodiment 1)
<<Configuration Example of Logic Circuit>>

FIG. 1 is a block diagram illustrating an example of a
semiconductor device. A logic circuit 100 in FIG. 1 can
output a signal OUT having a logic level determined by n+1
signals A0 to An. The logic circuit 100 includes a dynamic
logic circuit 30 and a circuit 20. The dynamic logic circuit
30 is a logic circuit having n+1 inputs. The dynamic logic
circuit 30 includes a circuit 10, a transistor 31, a transistor
32, and a capacitor 33. Here, a node Y functions as an output
node of the dynamic logic circuit 30.

Anode NL1 can function as a low level side power supply
node to which a low power supply voltage VSS is supplied.
The node NL1 is electrically connected to a wiring for
supplying VSS. The node Y is precharged (initialized)
during a precharge period. In the example in FIG. 1, the node
Y is discharged by the precharge and the voltage of the node
Y becomes a low level voltage “L”. The transistor 31 is a
pass transistor that controls a conduction state between the
node Y and the node NL1. The transistor 31 is also referred
to as a precharge control transistor. A first terminal of the
capacitor 33 is electrically connected to the node Y, and a
second terminal thereof is electrically connected to a wiring
for supplying VSS. The capacitor 33 has a function of
holding the voltage of the node Y. In the case where the
voltage of the node Y can be held because of parasitic
capacitance of the node Y, the capacitor 33 is not necessarily
provided.

A node NH1 can function as a high level side power
supply node to which a high power supply voltage VDDI1 is
supplied. The node NH1 is electrically connected to a wiring
for supplying VDD1. The transistor 32 is a pass transistor
that controls a conduction state between a node X and the
node NHI1. The transistor 32 is also referred to as an
evaluation control transistor.

A signal PRE has a function of controlling precharge. The
signal PRE is input to a gate of the transistor 31. Here, the
transistor 31 and the transistor 32 have the same conduc-
tivity type, and a signal PREB, which is an inversion signal
of the signal PRE, is input to a gate of the transistor 32 to
perform a switching operation on the transistors 31 and 32
complementarily. Accordingly, the transistor 32 is off when
the transistor 31 is on, and the transistor 32 is on when the
transistor 31 is off.
<Circuit 10>

The circuit 10 is connected between the node X and the
node Y. The circuit 10 includes n+1 transistors M0 to Mn (n
is an integer of 0 or more).

The transistors M0 to Mn are n-channel transistors. The
signals A0 to An are input to gates of the transistors M0 to
Mn, respectively. The transistors M0 to Mn are electrically
connected to each other in series and/or in parallel so that at
least one current path exists between the node X and the
node Y. Although FIG. 1 shows an example in which a drain
of the transistor M0 is directly and electrically connected to
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the node X and a source of the transistor Mn is directly and
electrically connected to the node Y, the connection structure
of the circuit 10 is not limited thereto.

The circuit 10 can be referred to as an evaluation circuit
or a logic circuit network. The circuit 10 performs logic
evaluation of the signals A0 to An in accordance with the
connection structure of the transistors M0 to Mn. When a
logical condition of the signals A0 to An is established,
current flows through one or a plurality of current paths (also
referred to as charge paths) between the node X and the node
Y and then the voltage of the node Y becomes a high level
voltage “H”. As described above, the circuit 10 has a
function of pulling up the node Y to “H” and can be referred
to as a pull-up circuit. In the evaluation operation, when the
result of the logic evaluation by the circuit 10 is true, the
node Y is charged and the voltage of the node Y becomes
“H”. When the result of the logic evaluation is false, the
voltage of the node Y is not changed from the voltage set
during the precharge period; thus, the node Y remains “L.”.
<Circuit 20>

The circuit 20 is electrically connected to the node Y. The
circuit 20 includes a node Y_H, a transistor 21, and a
capacitor 22. The node Y_H is an output node of the circuit
20, and also an output node of the logic circuit 100. The
signal OUT is output from the node Y_H. The transistor 21
is diode-connected, and has a function of rectifying current
between a node NH2 and the node Y_H. The node Y_H is
capacitively coupled to the node Y via the capacitor 22. The
node NH2 is a power supply node to which a high power
supply voltage VDD2 is supplied. The node NH2 is elec-
trically connected to a wiring for supplying VDD2. Here,
VDD2>VDD1>VSS is satisfied.

The circuit 20 has a function of generating a voltage
higher than the voltage of the node Y and can be referred to
as a bootstrap circuit. The capacitor 22 is also referred to as
a bootstrap capacitor, and the transistor 21 that is diode-
connected is also referred to as a bootstrap diode. The circuit
configuration of the circuit 20 is not limited to the example
in FIG. 1. The circuit 20 may be a circuit that can perform
a bootstrap operation in which the voltage of the node Y_H
becomes higher than that of the node Y by capacitive
coupling between the node Y_H and the node Y. To change
the voltage of the node Y_H in conjunction with the voltage
of the node Y, the voltage of the node Y_H is changed by
capacitive coupling.

Note that the node X can be an output node of the dynamic
logic circuit 30. In this case, the circuit 20 and the capacitor
33 are electrically connected to the node X.
<<Operation Example of Dynamic Logic Circuit>>

An operation example of the logic circuit 100 is described
with reference to a timing chart illustrated in FIG. 2. In FIG.
2, the maximum voltages of the signal PRE and the signal
PREB are VDD3 and the minimum voltages thereof are
VSS. VDD3>VDD2>VDD1 is satisfied.
<Precharge>

During periods (P1 and P3) during which the signal PRE
is at an H level, a precharge operation is performed in the
logic circuit 100. The transistor 32 is in an off state, and the
transistor 31 is in an on state. The voltage of the node Y
becomes VSS and the voltage of the node Y_H becomes
VH2. VH2 is a voltage lower than VDD2 by a threshold
voltage Vth,, of the transistor 21.
<Evaluation>

During periods (P2 and P4) during which the signal PRE
is at an L level, an evaluation operation is performed in the
logic circuit 100. The transistor 32 is in an on state, and the
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transistor 31 is in an off state. In FIG. 2, the logical condition
of the signals A0 to An is true in the period P2, and is false
in the period P4.

(Period P2)

In the period P2, the voltage of the node Y becomes an H
level. The voltage of the node Y is increased from VSS to
VH1. VH1=VDD1-AV |, is satisfied. The value of AV, is
determined in accordance with the number of stages of
transistors that form a current path between the node Y and
the node NH1 in the period P2. As the number of stages of
transistors is large, AV, is increased due to the threshold
voltages of the transistors and VH1 is decreased. Because of
the function of the circuit 20, the voltage of the node Y_H
is increased together with the voltage of the node Y. The
voltage of the node Y_H becomes a voltage VH3 higher than
VH2 by AV,,. As shown in a formula al, AV, is determined
by VHI1, capacitance C,, of the capacitor 22, and parasitic
capacitance C,,; of the node Y_H.

[Formula 1]

Cx
Cn + Cyn

(al)
AVso = VHL X

With the circuit 20, the signal OUT at a voltage higher
than the voltage of the node Y can be output. The circuit 20
can compensate for a voltage drop due to the threshold
voltages of the transistor 32 and the transistors M0 to Mn in
the circuit 10. Accordingly, the drive capability of a circuit
in the subsequent stage of the logic circuit 100 can be
improved. Alternatively, in the subsequent stage of the logic
circuit 100, a circuit including transistors with high thresh-
old voltage can be provided.

(Period P4)

During the period P4, the voltage of the node Y is
maintained at the voltage VSS set by the precharge opera-
tion. Thus, the voltage of the node Y_H is not changed and
is maintained at VH2. The circuit in the subsequent stage is
driven in accordance with the voltage of the node Y_H in the
logic circuit 100; thus, the voltage VH2 of the node Y in the
logical condition of “L.” is preferably lower than the thresh-
old voltage of the transistor in the circuit in the subsequent
stage. For example, VH2 can be adjusted by the high power
supply voltage VDD2.

The logic circuit 100 in FIG. 1 can be formed using
transistors of the same conductivity type. In the case where
the logic circuit 100 is formed using transistors of the same
conductivity type, the number of transistors can be reduced
as compared with the case where the logic circuit 100 is
formed using CMOS transistors. In addition, the number of
manufacturing steps of the logic circuit 100 can be reduced;
thus, the cost can be reduced and the yield can be improved.
<<Configuration Example of Logic Circuit>>

Specific circuit configuration and operation examples of
the logic circuit 100 are described below with reference to
FIG. 3, FIG. 4, FIG. 5, and FIG. 6.
<AND Circuit>

A logic circuit 101 illustrated in FIG. 3 is an example of
a four-input AND circuit. A circuit 11 corresponds to the
circuit 10 in FIG. 1. The circuit 11 includes transistors 110
to 113 which are electrically connected to each other in
series. Signals A0 to A3 are input to gates of the transistors
110 to 113.

FIG. 4 is a timing chart showing the operation example of
the logic circuit 101. In FIG. 4, as in FIG. 2, the logical
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condition of the signals A0 to A3 is true in a period P2, and
is false in a period P4. During the period P2, the signals A0
to A3 are at an H level; thus, the node X and the node Y are
brought into electrical contact, and the voltage of the node
Y becomes an H level and the voltage of the node Y_H also
becomes an H level. A signal OUT at a voltage VH3 is
output from the logic circuit 101. During the period P4, only
the signal A0 is “H”; thus, the node Y is maintained in an
electrically floating state. Therefore, the voltages of the node
Y and the node Y_H are maintained at voltages set by the
precharge operation, which are VSS and VH2, respectively.
In the period P4, a signal OUT at the voltage VH2 is output
from the logic circuit 101.

When the transistors in the logic circuit 101 in FIG. 3 are
p-channel transistors, the logic circuit 101 can function as a
NAND circuit.
<OR Circuit>

A logic circuit 102 illustrated in FIG. 5 is an example of
a four-input OR circuit. A circuit 12 corresponds to the
circuit 10 in FIG. 1. The circuit 12 includes transistors 120
to 123 which are electrically connected to each other in
parallel. Signals A0 to A3 are input to gates of the transistors
120 to 123. During the evaluation period of the logic circuit
102, when any one of the signals A0 to A3 is “H”, the
voltage of the node Y becomes “H”, so that a signal OUT at
a voltage VH3 is output. Alternatively, during the evaluation
period, when all of the signals A0 to A3 are “L”, the voltage
of'the node Y remains “L.”, so that a signal OUT at a voltage
VH2 is output.

When the transistors in the logic circuit 102 in FIG. 5 are
p-channel transistors, the logic circuit 102 can function as a
NOR circuit.
<AND-OR Circuit>

A logic circuit 103 illustrated in FIG. 6 is an example of
an AND-OR circuit. A circuit 13 corresponds to the circuit
10 in FIG. 1, and includes transistors 140 to 143 and
transistors 150 to 153. Signals A0 to A3 and signals SO to S3
are input to the circuit 13. The logic circuit 103 can function
as a four-input multiplexer (selection circuit). For example,
the signals A0 to A3 serve as data signals, and the signals S0
to S3 serve as signals which select a data signal to be output.
During the evaluation period, any one of the signals SO0 to S3
is at an H level. When only the signal S1 is “H”, a signal
OUT at a potential level corresponding to the signal S1 is
output. When the signal S1 is at an H level, a signal OUT at
a voltage VH3 (H level) is output, and when the signal S1
is at an L level, a signal OUT at a voltage VH2 (L level) is
output.

If the node X serves as an output node of the dynamic
logic circuit, the logic circuit 101 can function as a NAND
circuit, and the logic circuit 102 can function as a NOR
circuit. In the case where an “H” voltage of the node X has
a value at which the circuit in the subsequent stage can be
driven normally, the circuit 20 is not necessarily provided.
Therefore, in the case where a functional circuit is config-
ured by a combination of a plurality of dynamic logic
circuits, a circuit configuration in which the circuit 20 is not
provided in a dynamic logic circuit where a signal is output
from a node X (a node whose voltage becomes “.” when the
evaluation condition is true) and the circuit 20 is provided in
a dynamic logic circuit where a signal is output from a node
Y (a node whose voltage becomes “H” when the evaluation
condition is true) may be employed, whereby the area
overhead due to the addition of the circuit 20 can be reduced.
<<Circuit Simulation>>

A transistor whose channel is formed in an oxide semi-
conductor (hereinafter referred to as an “OS transistor” in
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some cases) has an extremely low off-state current. In order
to make the off-state current of the transistor extremely low,
a channel of the transistor is formed in a semiconductor
whose bandgap is wide, for example, a semiconductor
whose band gap is greater than or equal to 3.0 eV. As an
example of such a semiconductor, an oxide semiconductor
containing a metal oxide can be given. Consequently, an OS
transistor has low leakage current due to thermal excitation
and extremely low off-state current.

Extremely low off-state current means that, for example,
off-state current per micrometer of channel width is lower
than or equal to 100 zA (z represents zepto and denotes a
factor of 1072%). Since the off-state current is preferably as
low as possible, the normalized off-state current is prefer-
ably lower than or equal to 10 zA/um or lower than or equal
to 1 zA/um), further preferably lower than or equal to 10
yA/um (y represents yocto and denotes a factor of 1072%).

As an oxide contained in a semiconductor layer of an OS
transistor, an In—Sn—Ga—Z7n oxide, an In—Ga—Zn
oxide, an In—Sn—Z7n oxide, an In—Al—Zn oxide, a Sn—
Ga—Zn oxide, an Al—Ga—Zn oxide, a Sn—Al—Z7n oxide,
an In—Z7n oxide, a Sn—Z7n oxide, an Al-—Zn oxide, a
Zn—Mg oxide, a Sn—Mg oxide, an In—Mg oxide, an
In—Ga oxide, an In oxide, a Sn oxide, a Zn oxide, or the like
can be used. In addition, these oxides may contain another
material, such as SiO,. An oxide semiconductor of an OS
transistor preferably contains at least one of In and Zn.

By reducing impurities serving as electron donors, such as
moisture or hydrogen, and also reducing oxygen vacancies,
an i-type (intrinsic) or a substantially i-type oxide semicon-
ductor can be obtained. Here, such an oxide semiconductor
is referred to as a highly purified oxide semiconductor. By
forming the channel using a highly purified oxide semicon-
ductor, the off-state current of the OS transistor that is
normalized by channel width can be as low as several
yoctoamperes per micrometer to several zeptoamperes per
micrometer. Note that the oxide semiconductor and the OS
transistor are described in detail in Embodiment 4.

The OS transistor has a threshold voltage higher than that
of a Si transistor formed using a silicon wafer. In the case
where a dynamic logic circuit includes OS transistors, due to
the threshold voltages of the OS transistors, a voltage of a
signal may be lowered, and a malfunction may occur in a
circuit connected to a last stage of the dynamic logic circuit.
The dynamic logic circuit in this embodiment can solve the
threshold voltage drop problem. The above is confirmed by
circuit simulation.

A logic circuit 200 illustrated in FIG. 7 is a circuit on
which simulation is performed. Transistors in the logic
circuit 200 are all n-channel transistors and are assumed to
be OS transistors. The logic circuit 200 includes a two-input
AND circuit 210 (hereinafter referred to as “AND 210”), a
circuit 221, and a circuit 222. An AND 210 includes a
dynamic logic circuit 211 and the circuit 20. The circuits 221
and 222 are logic circuits having a NOT logical operation
function (inverter). An input node of the circuit 221 is
electrically connected to a node Y, and an input node of the
circuit 222 is electrically connected to a node Y_H. A node
OUT 1is an output node of the circuit 221, and a node
OUT_H is an output node of the circuit 222.

In the circuit simulation, the operation of the AND 210 is
verified from changes in voltage of the nodes OUT and
OUT_H of the circuits 221 and 222. FIG. 8 is a timing chart
of the logic circuit 200. FIGS. 9A and 9B show circuit
simulation results. FIG. 9A shows changes in voltage of the
nodes Y and Y_H, and FIG. 9B shows changes in voltage of
the nodes OUT and OUT_H. Here, VSS, VDDL1, and VDD2
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are 0V, 5V, and 2.5 V, respectively. The maximum voltage
of'signals PRE, PREB, A0, and Al is 5V, and the minimum
voltage thereof is 0 V. The precharge period is a period
during which the signal PRE is at a high level, and the
evaluation period is a period during which the signal PRE is
at a low level. The precharge period and the evaluation
period are each 15 nanoseconds.

In the precharge period, the voltage of the node Y
becomes 0 V. The voltage of the node Y_H is boosted by the
circuit 20. The voltage of the node Y_H becomes approxi-
mately 1.2 V which is lower than VDD2 by the threshold
voltage of the transistor 21. The nodes OUT and OUT_H
each become approximately 3.5 V.

Here, signals A0 and Al whose evaluation result is true
are input, so that the logic levels of the nodes Y and Y_H
become “H”. Thus, the circuits 221 and 222 output signals
having logic levels of “L.”. The voltage of the node Y rises
to approximately 3.5 V while the voltage of the node Y_H
is boosted to approximately 4.5 V by a bootstrap operation
of the circuit 20. FIG. 9B shows a result of driving the
circuits 221 and 222 by the output signals of the nodes Y and
Y_H. The voltage of the node OUT of the circuit 221
becomes approximately 1.5 V, and the voltage of the node
OUT_H of the circuit 222 is decreased to lower than 1 V.
Since the “H” voltages of the nodes Y and Y_H are different
from each other, the voltage difference between the node
OUT and the node OUT_H is generated. FIGS. 9A and 9B
show that the drive capability of the AND 210 is improved
by the circuit 20.

Here, the voltage of the node Y_H at “L” is approximately
1 V; however, if a threshold voltage of a transistor in a circuit
connected to the node Y_H is higher than 1 V, the transistor
stays in an off state. The voltage of the node Y_H at “L.”” can
be adjusted by a high power supply voltage VDD2 used for
the circuit 20. VDD2 may be set in accordance with a
threshold voltage of a transistor in a circuit connected to the
node Y_H, threshold voltages of transistors in the dynamic
logic circuit 211, or the like.

According to this embodiment, even if transistors having
a high threshold voltage are included, a dynamic logic
circuit with high drive capability can be provided. In addi-
tion, the dynamic logic circuit of this embodiment can drive
a transistor having a high threshold voltage.

As a logic circuit including n-channel transistors, a
pseudo logic circuit is known. A dynamic logic circuit can
be driven with lower power than the pseudo logic circuit.
Thus, according to this embodiment, a logic circuit includ-
ing transistors of the same conductivity type can achieve low
power consumption and high-speed operation. For example,
according to this embodiment, with an OS transistor, various
logic circuits with high drive capability and low power
consumption can be provided. The OS transistor can operate
even in a high-temperature environment (e.g., 100° C. or
higher) in which it is difficult for a Si transistor to operate;
thus, according to this embodiment, various functional cir-
cuits that can function in the high-temperature environment
and electronic devices including any of the functional cir-
cuits can be provided.

In Embodiment 1, one embodiment of the present inven-
tion has been described. Other embodiments of the present
invention are described in Embodiments 2 to 4. Note that
one embodiment of the present invention is not limited to the
above examples. In other words, various embodiments of the
invention are described in this embodiment and the other
embodiments, and one embodiment of the present invention
is not limited to a particular embodiment. Although an
example in which one embodiment of the present invention



US 9,450,581 B2

11

is used in a dynamic circuit is described, one embodiment of
the present invention is not limited thereto. Depending on
circumstances or conditions, one embodiment of the present
invention may be used in a static circuit. Alternatively,
depending on circumstances or conditions, one embodiment
of the present invention is not necessarily used in a dynamic
circuit. Although an example in which one embodiment of
the present invention is used in a logic circuit is described,
one embodiment of the present invention is not limited
thereto. Depending on circumstances or conditions, one
embodiment of the present invention may be used in a circuit
other than a logic circuit. Alternatively, depending on cir-
cumstances or conditions, one embodiment of the present
invention may be used in an analog circuit.

(Embodiment 2)

In this embodiment, a semiconductor device including the
dynamic logic circuit of Embodiment 1 is described.

There is a known semiconductor device that includes a
circuit array including a plurality of circuits arranged in
array, wirings corresponding to the arrangement of the
circuits, and peripheral circuits for driving the circuit array.
Typical examples include a memory device in which a
plurality of memory cells are arranged in array (e.g., a
DRAM, an SRAM, or a flash memory), an imaging device
having a plurality of pixels (an image sensor), and an active
matrix display device having a plurality of pixels (e.g., a
liquid crystal display device, an electroluminescence (EL)
display device, or a MEMS display device). As a peripheral
circuit for driving the circuits in the circuit array, the
dynamic logic circuit of Embodiment 1 can be used.
<<Memory Device>>

FIG. 10 is a block diagram showing a configuration
example of a memory device. A memory device 300 in FIG.
10 can be used as a dynamic random access memory. The
memory device 300 includes a memory cell array 301, a row
decoder 302, a column decoder 303, a column driver 304, an
input/output circuit 305, and a control circuit 306.

The control circuit 306 is a circuit for controlling the
whole memory device 300. The control circuit 306 has a
function of decoding command signals input from the out-
side. The control circuit 306 controls circuits included in the
memory device 300 on the basis of decoded command data,
command data stored in the control circuit 306, or the like.

The memory cell array 301 includes a plurality of
memory cells 310, a plurality of wirings BL,, and a plurality
of wirings WL. The plurality of memory cells 310 are
arranged in array. In accordance with the arrangement of the
memory cells 310, the wirings WL are provided in the
respective rows and the wirings BL are provided in the
respective columns A signal RA is a row address signal. The
row decoder 302 has a function of decoding the signal RA.
The wiring WL in a row specified by the signal RA is
selected by the row decoder 302. A signal CA is a column
address signal. The column decoder 303 has a function of
decoding the signal CA.

The input/output circuit 305 has a function of controlling
an input of a data signal DI, a function of controlling an
output of a data signal DO, and the like. The data signal DI
is a data signal to be written, and the data signal DO is a data
signal read from the memory cell array 301. Writing of the
signal DI and reading out of the signal DO are performed by
a column driver 304. The column driver 304 has a function
of reading out data from the wiring BL in a row specified by
the row decoder 303 and a function of writing data to the
wiring BL.. For example, the column driver 304 includes a
switch, a sense amplifier (also referred to as a sense latch),
a precharge circuit, and the like. The switch has a function
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of controlling a conduction state between the column driver
304 and the input/output circuit 305. The sense amplifier
operates when data is read out. The sense amplifier has a
function of sensing and amplifying a voltage between the
pair of wirings BL. A signal amplified by the sense amplifier
is output to the input/output circuit 305 through the switch.
The precharge circuit operates when data is written, and has
a function of precharging the wiring BL.

<Memory Cell>

FIG. 11 A shows an example of the memory cell 310. The
memory cell 310 has a circuit configuration of one transistor
and one capacitor (1T1C), and includes a transistor MW1, a
capacitor C1, and a node FN1. The node FN1 serves as a
data holding node. The capacitor C1 is a storage capacitor
for holding the potential of the node FN1. The transistor
MW1 is a write transistor. The conduction state of the
transistor MW1 is controlled by a selection signal potential
input to the wiring WL.

To lengthen the data retention period of the memory cell
310, the transistor MW1 preferably has a small off-state
current. Then, an OS transistor is preferably used as the
transistor MW1. Accordingly, the memory cell 310 can be
used as a nonvolatile memory element. In this case, a voltage
that turns off the transistor MW1 completely may be con-
tinuously applied to a gate. Alternatively, in the case where
aback gate is provided for the transistor MW1, a voltage that
brings the transistor MW1 into a normally-off state may be
continuously applied to the back gate. In these cases,
although a voltage is supplied to the memory cell 310 in the
data retention period, little power is consumed because
almost no current flows. Because of little power consump-
tion, the memory cell 310 can be regarded as being sub-
stantially nonvolatile even if a predetermined voltage is
supplied to the memory cell 310 in the data retention period.
<Decoder>

FIG. 12 shows a configuration example of the row
decoder 302. Here, the signals RA are 8-bit signals. To the
row decoder 302, the signals RA [7:0], RAB [7:0], PRE, and
PREB are input. The signal RAB is an inversion signal of the
signal RA. An example in which the signal RAB is input
from the outside of the memory device 300 is shown;
however, the signal RAB may be generated from the signal
RA in the memory device 300, for example, in the control
circuit 306 or the row decoder 302.

The row decoder 302 includes 256 AND circuits 320
(hereinafter referred to as “AND 320”), and can select any
of 256 wirings WL_0 to WL_255. An AND 320 is an
eight-input logic circuit. FIG. 13 shows a configuration
example of an AND 320. The AND 320 in FIG. 13 is a
dynamic logic circuit including transistors of the same
conductivity type. Input signals In_j (j is an integer from O
to 7) are the signal RA [j] or the signal RAB [j]. The signal
OUT is output to the wiring WL in the corresponding row.
For example, a wiring WI_1 is electrically connected to an
output of AND 320 <1>. A signal RA[0] and signals RAB
[7:1] are input to AND 320 <1>. When the signals RA [7:0]
are “00000001”, the logical condition of AND 320 <1> only
becomes true, so that a selection signal at “H” is output to
the wiring WL_1.

The AND 320 of FIG. 13 can operate at high speed with
low power consumption because it is a dynamic logic
circuit. In addition, the AND 320 has high drive capability
because it is provided with the circuit 20. Even if the
transistor MW1 of the memory cell 310 is a transistor having
a high threshold voltage, such as an OS transistor, a voltage
higher than the threshold voltage can be input to the gate of
the transistor MW1 by using the AND 320. The row decoder
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302 is formed using dynamic logic circuits including tran-
sistors of the same conductivity type; thus, a large number
of wirings WL can be driven with a small number of
transistors. As a result, the capacity of the memory cell array
301 can be easily increased.

Furthermore, since the memory cell array 301 and the row
decoder 302 can include transistors of the same conductivity
type, the memory cell array 301 and the row decoder 302 can
include only OS transistors. In this case, the memory cell
array 301 and the row decoder 302 are formed on the same
substrate through the same process, whereby a chip where
they are integrated can be formed. In addition, the column
decoder 303 can have a circuit configuration similar to that
of the row decoder 302. Therefore, the OS transistors offer
a chip where the memory cell array 301, the row decoder
302, and the column decoder 303 are integrated.
<Device Structure 1>

FIG. 14 shows an example of a device structure of a chip
including OS transistors. FIG. 14 shows a cross-sectional
structure of the row decoder 302 and the memory cell array
301. Here, particularly, the memory cell 310 (the transistor
MW1 and the capacitor C1) and the circuit 20 of the AND
320 (the transistor 21 and the capacitor 22) are shown.

In FIG. 14, regions where reference numerals and hatch-
ing patterns are not given show regions formed of an
insulator. In these regions, an insulator containing one or
more kinds of materials selected from aluminum oxide,
aluminum nitride oxide, magnesium oxide, silicon oxide,
silicon oxynitride, silicon nitride oxide, silicon nitride, gal-
lium oxide, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
tantalum oxide, and the like can be used. Alternatively, in
these regions, a resin such as a polyimide resin, a polyamide
resin, an acrylic resin, a siloxane resin, an epoxy resin, or a
phenol resin can be used.

An insulating layer 341 is provided over a substrate 340.
Over the insulating layer 341, the transistor MWI1, the
transistor 21, and the capacitor 22 are provided. They are
covered with an insulating layer 343. An insulating layer 342
serves as a gate insulating layer of each of the transistors
MW1 and 21, and also serves as a dielectric layer of the
capacitor 22. The transistors MW1 and 21 are OS transistors.
Details of the OS transistor will be described in Embodiment
4. Here, the transistors MW1 and 21 each have a device
structure similar to that of an OS transistor 502 illustrated in
FIG. 31A.

The insulating layer 343 preferably includes at least one
layer which is formed using an insulator that has a blocking
effect against hydrogen, water, and the like. Water, hydro-
gen, and the like are factors that generate carriers in an oxide
semiconductor layer; therefore, a blocking layer against
hydrogen, water, and the like can improve the reliability of
the transistors MW1 and 21. Examples of the insulator
having a blocking effect against hydrogen, water, and the
like include aluminum oxide, aluminum oxynitride, gallium
oxide, gallium oxynitride, yttrium oxide, yttrium oxynitride,
hafnium oxide, hafnium oxynitride, and yttria-stabilized
zirconia (YSZ). Note that in this specification, an oxynitride
refers to a substance that contains more oxygen than nitro-
gen, and a nitride oxide refers to a substance that contains
more nitrogen than oxygen.

The transistor MW1 includes an oxide semiconductor
layer 350_1 and conductive layers 361 to 363. The transistor
21 includes an oxide semiconductor layer 350_2 and con-
ductive layers 364 to 366. The capacitor 22 includes the
conductive layer 365 and a conductive layer 367. The oxide
semiconductor layers 350_1 and 350_2 include oxide semi-
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conductor layers 351 to 353. The capacitor C1 is stacked
over the transistor MW1. The capacitor C1 is a cylindrical
capacitor and includes conductive layers 370 and 371. The
conductive layer 371 is shared with a plurality of capacitors
C1. The transistor MW1 and the capacitor C1 are electrically
connected to plugs 381_1 and 381_2 and a conductive layer
382_1 so as to function as the memory cell 310. The
conductive layer 364 and the conductive layer 366 of the
transistor 21 are electrically connected to each other with
plugs 381_3 and 381_4 and a conductive layer 382_2.

Here, a semiconductor substrate is used as the substrate
340. The semiconductor substrate is not limited to a single
crystal silicon substrate, and the semiconductor substrate
can be, for example, a single-material semiconductor sub-
strate of silicon, germanium, or the like or a compound
semiconductor substrate of silicon carbide, silicon germa-
nium, gallium arsenide, gallium nitride, indium phosphide,
zinc oxide, gallium oxide, or the like. Alternatively, a
substrate other than a semiconductor substrate can be used.
For example, a glass substrate, a quartz substrate, a plastic
substrate, a metal substrate, a stainless steel substrate, a
substrate including stainless steel foil, a tungsten substrate,
a substrate including tungsten foil, a flexible substrate, an
attachment film, paper including a fibrous material, a base
film, and the like can be used. As an example of a glass
substrate, a barium borosilicate glass substrate, an alumino-
borosilicate glass substrate, a soda lime glass substrate, or
the like can be given. Examples of a flexible substrate
include a flexible synthetic resin such as plastics typified by
polyethylene terephthalate (PET), polyethylene naphthalate
(PEN), and polyether sulfone (PES), and acrylic. Examples
of an attachment film are attachment films formed using
polypropylene, polyester, polyvinyl fluoride, polyvinyl chlo-
ride, and the like. Examples of a base film are base films
formed using polyester, polyamide, polyimide, aramid,
epoxy, an inorganic vapor deposition film, and paper.

Alternatively, a semiconductor element may be formed
using one substrate, and then, transferred to another sub-
strate. Examples of a substrate to which a semiconductor
element is transferred include, in addition to the above-
described substrates, a paper substrate, a cellophane sub-
strate, an aramid film substrate, a polyimide film substrate,
a stone substrate, a wood substrate, a cloth substrate (includ-
ing a natural fiber (e.g., silk, cotton, or hemp), a synthetic
fiber (e.g., nylon, polyurethane, or polyester), a regenerated
fiber (e.g., acetate, cupra, rayon, or regenerated polyester),
and the like), a leather substrate, and a rubber substrate.
When such a substrate is used, a transistor with excellent
properties or a transistor with low power consumption can
be formed, a device with high durability or high heat
resistance can be provided, or reduction in weight or thick-
ness can be achieved.

An insulator included in the chip illustrated in FIG. 14 can
have a single-layer structure or a layered structure including
two or more layers. Examples of an insulating material
include aluminum oxide, magnesium oxide, silicon oxide,
silicon oxynitride, silicon nitride oxide, silicon nitride, gal-
lium oxide, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
and tantalum oxide. Alternatively, an organic resin such as
a polyimide resin, a polyamide resin, an acrylic resin, a
siloxane resin, an epoxy resin, or a phenol resin can be used.

A conductor included in the chip illustrated in FIG. 14 can
have a single-layer structure or a layered structure including
two or more layers. Examples of a conductive material
include low-resistance metals such as copper (Cu), tungsten
(W), molybdenum (Mo), gold (Au), aluminum (Al), man-
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ganese (Mn), titanium (Ti), tantalum (Ta), nickel (Ni),
chromium (Cr), lead (Pb), tin (Sn), iron (Fe), and cobalt
(Co); an alloy mainly containing one or more of these
metals; and a compound mainly containing one or more of
these metals. It is particularly preferable to use a high-
melting-point material that has both heat resistance and
conductivity, such as tungsten or molybdenum. In addition,
a heat-resistant conductive material containing aluminum,
copper, or the like is preferably used. For example, a
Cu—Mn alloy is preferably used because manganese oxide
formed at the interface with an insulator containing oxygen
has a function of suppressing Cu diffusion.

A sputtering method and a plasma-enhanced chemical
vapor deposition (PECVD) method are typical examples of
a method of forming an insulating film, a conductive film, a
semiconductor film, and the like included in a semiconduc-
tor device. The insulating film, the conductive film, the
semiconductor film, and the like can be formed by another
method, for example, a thermal CVD method. A metal
organic chemical vapor deposition (MOCVD) method or an
atomic layer deposition (ALD) method can be employed as
a thermal CVD method, for example.
<Device Structure 2>

In the memory device 300 in FIG. 10, the circuits other
than the memory cell array 301, the row decoder 302, and
the column decoder 303 may be formed using transistors
other than OS transistors, for example, Si transistors. In this
case, a circuit including OS transistors is stacked over a
circuit including Si transistors, whereby the memory device
300 can be integrated in one chip. An example of a device
structure of such a chip is illustrated in FIG. 15.

In FIG. 15, as a circuit including Si transistors, transistors
25 and 26 are particularly shown. The transistor 25 is an
n-channel transistor, and the transistor 26 is a p-channel
transistor. FIG. 15 shows an example in which a conductive
layer used for the wiring BL is provided in wiring layers of
Si transistors.

The transistors 25 and 26 have a planar shape. The device
structures of the transistors 25 and 26 are not limited to those
in FIG. 15. For example, the transistors 25 and 26 may have
a three-dimensional structure which is called a fin type or a
tri-gate type. Furthermore, an impurity region serving as a
lightly doped drain (LDD) region or an extension region
may be provided under a sidewall insulating layer. In order
to suppress the deterioration due to hot carriers, the LDD
region or the extension region is preferably provided in the
n-channel transistor 25.

When the OS transistor is stacked over the Si transistor,
the chip size of the memory device 300 can be small. In the
case where the memory device 300 has a device structure as
illustrated in FIG. 15, the memory cell 310 may be a
memory element in which the OS transistor and the Si
transistor are combined. Configuration examples of such
memory cells are illustrated in FIGS. 11B and 11C.
<Memory Cell>

A memory cell 312 illustrated in FIG. 11B is electrically
connected to wirings WL, BL, CL,, and SL. The memory cell
312 is a 2T1C-type gain cell and includes the node FN1, the
transistor MW1, a transistor MR1, and the capacitor C1. The
transistor MR1 can be a Si transistor, which may be a
p-channel transistor in this case. Furthermore, a reading bit
line (a wiring RBL) may be provided to be electrically
connected to the transistor MR1.

A memory cell 313 illustrated in FIG. 11C is electrically
connected to wirings WL, RWL, BL, CL, and SL. The
memory cell 313 is a 3T1C-type gain cell. The memory cell
313 includes the node FN1, the transistor MW1, the tran-
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sistor MR1, a transistor MR2, and the capacitor C1. The
transistors MR1 and MR2 can be Si transistors, which may
be p-channel transistors in this case. Furthermore, a wiring
RBL may be provided to be electrically connected to the
transistor MR2.

In the case where the memory cells 312 or the memory
cells 313 are included in the memory cell array 301, periph-
eral circuits may be changed as appropriate in accordance
with the circuit configuration and the driving method of the
memory cell 312 or 313.
<<Imaging Device>>

FIG. 16A illustrates a configuration example of an imag-
ing device. An imaging device 400 in FIG. 16A includes a
pixel portion 401 and a peripheral circuit 415. The periph-
eral circuit 415 includes a row driver 402 and a column
driver 403. The pixel portion 401 includes a plurality of
pixels 410 arranged in array. The pixel 410 is an image
sensor, and has a function of converting light into electric
charge, a function of accumulating electric charge, and the
like. FIG. 16B shows an example of the pixel 410.

The pixel 410 in FIG. 16B includes a photodiode PD1,
transistors MI1 to MI4, a capacitor C2, and a node FN2. The
node FN2 serves as a data holding node. The capacitor C2
is a storage capacitor for holding the voltage of the node
FN2. The transistor MI1 is referred to as a reset transistor.
The transistor MI1 has a function of resetting the voltage of
the node FN2. The transistor MI2 is referred to as an
exposure transistor that controls an exposure operation. The
transistor MI2 is a pass transistor that controls a conduction
state between the node FN2 and the photodiode PD1. With
the transistor MI2, the exposure operation timing can be
controlled; thus, an image can be taken by a global shutter
method. The transistor MI3 is referred to as an amplifier
transistor. The transistor MI3 has a function of generating
on-state current corresponding to the voltage of the node
FN2. The transistor MI4 is referred to as a selection tran-
sistor. The transistor MI4 is a pass transistor that controls a
conduction state between the transistor MI3 and an output
terminal of the pixel 410.

A diode element formed using a silicon substrate with a pn
junction or a pin junction can be used as the photodiode
PD1. Alternatively, a pin diode element formed using an
amorphous silicon film, a microcrystalline silicon film, or
the like may be used. Another photoelectric conversion
element may be used instead of the photodiode in the pixel
410. For example, a diode-connected transistor may be used.
Alternatively, a variable resistor or the like utilizing a
photoelectric effect may be formed using silicon, germa-
nium, selenium, or the like. Alternatively, a photoelectric
conversion element that includes selenium utilizing a phe-
nomenon called avalanche multiplication may be used. In
the photoelectric conversion element, a highly sensitive
sensor in which the amount of amplification of electrons
with respect to the amount of incident light is large can be
obtained. Amorphous selenium or crystalline selenium can
be used as a selenium-based material. Crystalline selenium
may be obtained by, for example, depositing amorphous
selenium and then performing heat treatment. When the
crystal grain size of crystalline selenium is smaller than a
pixel pitch, variation in characteristics between pixels can be
reduced.

The row driver 402 has a function of selecting the pixel
410 from which a signal is read out. In the case of the pixel
410 in FIG. 16B, the row driver 402 may generate a signal
to be input to a gate of the transistor MI4. The column driver
403 has a function of reading out a signal from the pixel 410
and generating an imaging data signal. The row driver 402
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and the column driver 403 can include various logic circuits
such as a decoder and a shift register. The decoder may have
a circuit configuration similar to that of the row decoder 302
(FIG. 10), for example. Furthermore, as a basic logic ele-
ment of each of the row driver 402 and the column driver
403, the dynamic logic circuit in Embodiment 1 can be used.
The column driver 403 may be provided with a functional
circuit that processes a signal read out from the pixel 410.
Examples of the functional circuit include an analog-digital
converter circuit and a circuit that performs difference
processing.

OS transistors can be used as the transistors MI1 to MI4
of the pixel 410. In this case, OS transistors may be used in
the dynamic logic circuit provided in the row driver 402
and/or the column driver 403 as well as in the pixel portion
401. FIG. 17 shows an example of a structure of the imaging
device 400. FIG. 17 shows an example in which an OS
transistor and a Si transistor are combined. In the peripheral
circuit 415, typically, a Si transistor 421 and an OS transistor
422 are shown. In the pixel portion 401, the photodiode PD1
and the transistor MI2 are particularly shown. The Si tran-
sistor 421 and the photodiode PD1 are formed using a
semiconductor substrate 420. Since the transistors MI1 to
MI4 can be stacked over the photodiode PD1, the integration
degree of the pixel portion 401 can be increased.
<<Display Device>>

FIG. 18 shows a configuration example of the display
device. The display device 450 in FIG. 18 includes a CPU
451, a control circuit 452, a power supply circuit 453, an
image processing circuit 454, a memory device 455, and a
display panel 460. The display panel 460 includes a pixel
portion 461 and a peripheral circuit 465. The peripheral
circuit 465 includes a gate driver 462 and a source driver
463. The gate driver 462 is a circuit for driving a wiring GL.
and has a function of generating a signal supplied to the
wiring GL. The source driver 463 is a circuit for driving a
wiring SL and has a function of generating a signal supplied
to the wiring SL.

The CPU 451 is a circuit for executing an instruction and
controlling the display device 450 collectively. The CPU
451 executes an instruction input from the outside and an
instruction stored in an internal memory. The CPU 451
generates signals for controlling the control circuit 452 and
the image processing circuit 454. On the basis of a control
signal from the CPU 451, the control circuit 452 controls the
operation of the display device 450. The control circuit 452
controls the peripheral circuit 465, the power supply circuit
453, the image processing circuit 454, and the memory
device 455 so that the process determined by the CPU 451
is executed. To the control circuit 452, for example, a variety
of synchronization signals which determine timing of updat-
ing the screen are input. Examples of the synchronization
signals include a horizontal synchronization signal, a verti-
cal synchronization signal, and a reference clock signal. The
control circuit 452 generates control signals of the peripheral
circuit 465 from these signals. The power supply circuit 453
has a function of supplying power supply voltage to the pixel
portion 461 and the peripheral circuit 465.

The image processing circuit 454 has a function of
processing an image signal input from the outside and
generating a data signal VDATA. The source driver 463 has
a function of processing the data signal VDATA and gen-
erating a data signal supplied to each wiring SL. The
memory device 455 is provided to store data needed for
performing processing in the image processing circuit 454.
The data signal VDATA or a video signal input from the
outside is stored in the memory device 455, for example.
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The pixel portion 461 includes a plurality of pixels 60, a
plurality of wirings GL, and a plurality of wirings SL. The
plurality of pixels 60 are arranged in array. The plurality of
wirings GL. and SL are provided in accordance with the
arrangement of the plurality of pixels 60. The wirings GL are
arranged in a vertical direction, and the wirings SL. are
arranged in a horizontal direction. The wiring GL is also
referred to as a gate line, a scan line, a selection signal line,
or the like. The wiring SL is also referred to as a source line,
a data line, or the like. FIGS. 19A and 19B show configu-
ration examples of the pixel 60.

(Pixel of Liquid Crystal Display Device)

FIG. 19A shows a configuration example of a pixel of the
display device 450 which is a liquid crystal display device.
A pixel 61 in FIG. 19A includes a transistor MD10, a liquid
crystal element DE1, and a capacitor CP1. The liquid crystal
element DE1 includes a pixel electrode, a counter electrode,
and a liquid crystal layer provided therebetween. The pixel
electrode is connected to the transistor MD10. Here, the
transistor MD10 is an n-channel transistor. In addition, in the
circuit configuration, the transistor MD10 is provided with
a back gate, which is electrically connected to a gate of the
transistor MD10. This can increase the current drive capa-
bility of the transistor MD10. The transistor MD10 is not
necessarily provided with the back gate.

For the liquid crystal layer, a liquid crystal material
classified into a thermotropic liquid crystal or a lyotropic
liquid crystal can be used, for example. As another example
of a liquid crystal material used for the liquid crystal layer,
the following can be given: a nematic liquid crystal, a
smectic liquid crystal, a cholesteric liquid crystal, or a
discotic liquid crystal. Further alternatively, a liquid crystal
material categorized by a ferroelectric liquid crystal or an
anti-ferroelectric liquid crystal can be used. Further alterna-
tively, a liquid crystal material categorized by a high-
molecular liquid crystal such as a main-chain high-molecu-
lar liquid crystal, a side-chain high-molecular liquid crystal,
or a composite-type high-molecular liquid crystal, or a
low-molecular liquid crystal can be used. Further alterna-
tively, a liquid crystal material categorized by a polymer
dispersed liquid crystal (PDLC) can be used.

There is no limitation on a driving mode of the liquid
crystal device. A device structure of the pixel portion 461 is
determined in accordance with a driving mode. A pixel can
be driven in any of the following driving modes: a twisted
nematic (TN) mode; a fringe field switching (FFS) mode; a
super twisted nematic (STN) mode; a vertical alignment
(VA) mode; a multi-domain vertical alignment (MVA)
mode; an in-plane-switching (IPS) mode; an optically com-
pensated birefringence (OCB) mode; a blue phase mode; a
transverse bend alignment (TBA) mode; a VA-IPS mode; an
electrically controlled birefringence (ECB) mode; a ferro-
electric liquid crystal (FLC) mode; an anti-ferroelectric
liquid crystal (AFLC) mode; a polymer dispersed liquid
crystal (PDLC) mode; a polymer network liquid crystal
(PNLC) mode; a guest-host mode; an advanced super view
(ASV) mode; and the like.

In the pixel 61 in FIG. 19A, when the liquid crystal
element DE1 is replaced with a display element that controls
a gray level by an electronic ink method, an electronic liquid
powder (registered trademark) method, or the like, the
display device 450 can be used as electronic paper.

(Pixel of EL Display Device)

FIG. 19B shows a configuration example of a pixel of the
display device 450 which is an EL display device. A pixel 62
in FIG. 19B includes transistors MD 11 and MD 12, an EL.
element DE 2, and a capacitor CP 2. Here, the transistors
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MD 11 and MD 12 are n-channel transistors. The transistor
MD 11 is a pass transistor that controls a conduction state
between a gate of the transistor MD 12 and the wiring SL,,
and is referred to as a selection transistor. The transistor MD
12 is referred to as a driving transistor, and serves as a source
that supplies current or voltage to the EL. element DE 2.
Here, in order to improve the current drive capability, the
transistor MD 12 is provided with a back gate. The transistor
MD 11 may also be provided with a back gate electrically
connected to a gate electrode. The capacitor CP 2 is a storage
capacitor for holding the gate potential of the transistor MD
12.

The EL element DE 2 is a light-emitting element includ-
ing an anode, a cathode, and a light-emitting layer provided
therebetween. One of the anode and the cathode serves as a
pixel electrode, and the pixel electrode is electrically con-
nected to the transistor MD 12. The light-emitting layer of
the EL element DE 2 contains at least a light-emitting
substance. Examples of the light-emitting substance include
organic EL. materials, inorganic ELL materials, and the like.
Light emission from the light-emitting layer includes light
emission (fluorescence) which is generated in returning from
a singlet excited state to a ground state and light emission
(phosphorescence) which is generated in returning from a
triplet excited state to a ground state.

Note that the circuit configuration of a pixel is not limited
to those in FIGS. 19A and 19B. For example, a switch, a
resistor, a capacitor, a sensor, a transistor, a logic circuit, or
the like may be added to the pixel 61 in FIG. 19A. The same
applies to the pixel 62 in FIG. 19B.

Here, the liquid crystal display device and the EL display
device are shown as specific examples of the pixel; however,
this embodiment is not limited thereto. Examples of the
display element include a transistor (a transistor which emits
light depending on current), an electron emitter, electronic
ink, an electrophoretic element, a grating light valve (GLV),
a display element including micro electro mechanical sys-
tems (MEMS), a digital micromirror device (DMD), a
digital micro shutter (DMS), an interferometric modulator
display element (IMOD), a MEMS shutter display element,
an optical interference type MEMS display element, an
electrowetting element, a piezoelectric ceramic element
(e.g., a piezoelectric actuator), and a field emission element
(e.g., a carbon nanotube).
<Display Panel>

FIG. 20 is an exploded perspective view of the display
device 450. The display device 450 includes, between an
upper cover 471 and a lower cover 472, a touch panel unit
473, a display panel 460, a backlight unit 474, a frame 476,
a printed board 477, and a battery 478. The shapes and sizes
of the upper cover 471 and the lower cover 472 can be
changed as appropriate in accordance with the sizes of the
touch panel unit 473 and the display panel 460. The frame
476 protects the display panel 460 and the touch panel unit
473 and also functions as an electromagnetic shield for
blocking electromagnetic waves generated by the operation
of the printed board 477. The frame 476 may function as a
radiator plate.

An FPC 480 and an FPC 481 are electrically connected to
the touch panel unit 473 and the display panel 460, respec-
tively. The backlight unit 474 includes a light source 475. In
FIG. 20, a plurality of light sources 475 are two-dimension-
ally arranged; however, the arrangement of the light sources
475 is not limited thereto. For example, a structure in which
a light source 475 is provided at an end portion of the
backlight unit 474 and a light diffusion plate is further
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provided may be employed. Note that the touch panel unit
473, the backlight unit 474, the battery 478, and the like are
not provided in some cases.

The printed board 477 includes the CPU 451, the power
supply circuit 453, the image processing circuit 454, and the
memory device 455. As a power source for supplying
electric power to the power supply circuit 453, an external
commercial power source or a power source using the
battery 478 separately provided may be used. The battery
478 can be omitted in the case of using a commercial power
source. The display device 450 may be additionally provided
with a member such as a polarizing plate, a retardation plate,
or a prism sheet. As the memory device 455 or a memory
device in the CPU 451, the memory device 300 in FIG. 10
can be used.

The touch panel unit 473 can be a resistive touch panel or
a capacitive touch panel and can be formed to overlap with
the display panel 460. A counter substrate (sealing substrate)
of the display panel 460 can have a touch panel function. A
photosensor may be provided in each pixel of the display
panel 460 to form an optical touch panel. An electrode for
a touch sensor may be provided in each pixel of the display
panel 460 so that a capacitive touch panel is obtained.

The display panel 460 in FIG. 20 includes a substrate 485
and a substrate (counter substrate) 486. The substrate 485 is
provided with the pixel portion 461 and the peripheral
circuit 465. The substrate 485 provided with a circuit such
as the pixel portion 461 is referred to as an element substrate
(backplane) in some cases. Part or all of the peripheral
circuit 465 may be provided for the substrate 485 in the same
manufacturing process as the pixel portion 461. In the
example shown in FIG. 20, part of the peripheral circuit 465
is provided in an IC 483. The IC 483 is mounted on the
substrate 485 by a chip on glass (COG) method.
<Display Panel>

FIGS. 21A and 21B are plan views illustrating structure
examples of an element substrate of the display panel 460.
In the case where the pixel portion 461 includes transistors
of the same conductivity type, part of the peripheral circuit
465 that includes transistors of the same conductivity type
may be provided over the substrate 485 together with the
pixel portion 461.

In a display panel 460_1 illustrated in FIG. 21A, the gate
driver 462 is formed over the substrate 485 in the same
process as the pixel portion 461, and the source driver 463
includes the plurality of ICs 483. A terminal portion 487
includes extraction terminals of the FPC 481, the pixel
portion 461, and the peripheral circuit 465. The FPC 481 is
electrically connected to the terminal portion 487. In a
display panel 460_2 illustrated in FIG. 21B, the source
driver 463 is also formed over the substrate 485 in the same
process as the pixel portion 461.

The gate driver 462 is divided into two circuits 462E and
462W, and these circuits are provided on the left and right
of the pixel portion 461. For example, the wirings GL in the
odd-numbered rows are electrically connected to the circuit
462E, and the wirings GL in the even-numbered rows are
electrically connected to the circuit 462W. In this case, the
circuits 462F and 462W drive the wirings GL alternately.
The gate driver 462 can have a circuit configuration similar
to that of the raw decoder in FIG. 12. Accordingly, power for
driving the pixel portion 461 including OS transistors having
a high threshold voltage can be reduced. In addition, the gate
driver 462 can be reduced in size; thus, the display panel 460
having a narrow frame can be provided. Thus, an electronic
device incorporating the display device 450 can be reduced
in power consumption, size, and weight.
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<Device Structure>

FIG. 22A shows a device structure example of a display
panel of an EL display device, and FIG. 22B shows a device
structure example of a display panel of a liquid crystal
display device. Note that FIGS. 22A and 22B each are not
a diagram of the display panel taken along a specific line but
a cross-sectional view for illustrating a layered structure of
the display panel and a connection structure of elements.
(EL Display Device)

A display panel 2500 shown in FIG. 22A includes a pixel
portion 2505 and a gate driver 2504. The pixel portion 2505
includes a transistor 2502z, an EL element 2550, a coloring
layer 2567, and a light-blocking layer 2568. The EL element
2550 includes a lower electrode, an upper electrode, and an
EL layer between the lower electrode and the upper elec-
trode. Light 2551 emitted from the EL element 2550 is
extracted to the outside through the coloring layer 2567.

The coloring layer 2567 is a coloring layer having a
function of transmitting light in a particular wavelength
region. For example, a color filter for transmitting light in a
red wavelength range, a color filter for transmitting light in
a green wavelength range, a color filter for transmitting light
in a blue wavelength range, a color filter for transmitting
light in a yellow wavelength range, or the like can be used.
Each color filter can be formed with any of various materials
by a printing method, an inkjet method, an etching method
using a photolithography technique, or the like.

An insulating layer 2521 is provided in the display panel
2500. The insulating layer 2521 covers the transistor 2502¢
and the like. The insulating layer 2521 covers unevenness
caused by the transistor 25027 and the like to provide a flat
surface. The insulating layer 2521 may serve also as a layer
for preventing diffusion of impurities. This can prevent a
reduction in the reliability of the transistor 25027 or the like
due to diffusion of impurities. The EL element 2550 is
formed above the insulating layer 2521. A partition 2528 is
provided so as to cover end portions of the lower electrode
in the EL element 2550. Note that a spacer for controlling
the distance between the substrate 2510 and the substrate
2570 may be provided over the partition 2528.

The gate driver 2504 includes a transistor 25037 and a
capacitor 2503¢. The gate driver 2504 is covered with the
light-blocking layer 2568. The transistors 25027 and 2503¢
may be OS transistors. Over the substrate 2510, the wirings
2511 through which a signal can be supplied are provided.
Over the wirings 2511, a terminal 2519 is provided. The FPC
2509 is electrically connected to the terminal 2519.

A substrate 2510 is a stack including an insulating layer
2510qa, a flexible substrate 25105, and an adhesive layer
2510c. Here, the substrate 2510 is not a support substrate
used to form the pixel portion 2505 and the like. After the
pixel portion 2505 and the like are formed, a support
substrate is separated from the insulating layer 2510qa, and
then the flexible substrate 25105 is bonded to the insulating
layer 2510a with the adhesive layer 2510¢. The insulating
layer 2510q is a blocking layer for preventing diffusion of
impurities to the EL element 2550.

A substrate 2570 is a stack including an insulating layer
2570qa, a flexible substrate 25705, and an adhesive layer
2570c. Here, the substrate 2570 is not a support substrate
used to form the coloring layer 2567 and the like. After the
coloring layer 2567 and the like are formed, a support
substrate is separated from the insulating layer 2570qa, and
then the flexible substrate 25705 is bonded to the insulating
layer 2570a with the adhesive layer 2570¢. The insulating
layer 2570a is a blocking layer for preventing diffusion of
impurities to the EL element 2750.
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A sealing layer 2560 is provided between the substrate
2510 and the substrate 2570. The sealing layer 2560 pref-
erably has a higher refractive index than the air. A sealant
may be formed in the peripheral portion of the sealing layer
2560. With the use of the sealant, the EL element 2550 can
be provided in a region surrounded by the substrate 2510,
the substrate 2570, the sealing layer 2560, and the sealant.
An inert gas (such as nitrogen or argon) may be filled
between the substrate 2510 and the substrate 2570. In this
case, a drying agent may be provided between the substrate
2510 and the substrate 2570 to adsorb moisture and the like.
In the case where the sealing layer 2560 is provided on the
light 2551 extraction side, the sealing layer 2560 is in
contact with the EL element 2550 and the coloring layer
2567.

(Liquid Crystal Display Device)

Here, differences between the display panel 2501 illus-
trated in FIG. 22B and the display panel 2500 are described.
The pixel portion 2505 includes a liquid crystal element
2552 and the transistor 2502z. The liquid crystal element
2552 includes a pixel electrode 2523, a counter electrode
2524, and a liquid crystal layer 2529. Furthermore, an
alignment film for aligning liquid crystal is provided as
needed. A spacer 2530q is provided on the substrate 2570.
The spacer 25304 is provided to control a distance (a cell
gap) between the substrate 2510 and the substrate 2570. The
spacer 2530a may be provided on the substrate 2510. The
spacer 2530q is formed using a photosensitive resin mate-
rial, for example.

The counter electrode 2524 of the liquid crystal element
2552 is provided on the substrate 2570 side. An insulating
layer 2531 is provided between the counter electrode 2524
and each of the coloring layer 2567 and the light-blocking
layer 2568. The pixel electrode 2523 is a reflective electrode.
Projections and depressions are formed on a surface of the
insulating layer 2522 in a region where the pixel electrode
2523 is formed. Accordingly, a surface of the pixel electrode
2523 has projections and depressions, and light is easily
irregularly reflected at the pixel electrode 2523. Thus, the
visibility of the display panel 2501 is improved. Note that in
the case where the pixel electrode 2523 is a transparent
electrode, a structure where the insulating layer 2522 does
not have projections and depressions is employed.
(Embodiment 3)

In this embodiment, a processing unit including a logic
circuit, a memory device, and the like is described as an
example of a semiconductor device. In addition, examples in
which a semiconductor device is used in an electronic
component, examples in which a semiconductor device is
used in an electronic device including the electronic com-
ponent, and electronic devices including a display device
and the like are described, for example.
<<CPU>>

FIG. 23 illustrates a CPU configuration example. A CPU
1030 illustrated in FIG. 23 includes a CPU core 1031, a
power management unit 1043, and a peripheral circuit 1044.
The power management unit 1043 includes a power con-
troller 1032 and a power switch 1033. The peripheral circuit
1044 includes a cache 1034 including cache memory, a bus
interface (BUS I/F) 1035, and a debug interface (Debug I/F)
1036. The CPU core 1031 includes a data bus 1045, a
control unit 1037, a program counter (PC) 1038, a pipeline
register 1039, a pipeline register 1040, an arithmetic logic
unit (ALU) 1041, and a register file 1042. Data is transmitted
between the CPU core 1031 and the peripheral circuit 1044
such as the cache 1034 via the data bus 1045.
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The control unit 1037 has functions of decoding and
executing instructions contained in a program such as input-
ted applications by controlling the overall operations of the
PC 1038, the pipeline registers 1039 and 1040, the ALU
1041, the register file 1042, the cache 1034, the bus interface
1035, the debug interface 1036, and the power controller
1032. The ALU 1041 has a function of performing a variety
of arithmetic operations such as four arithmetic operations
and logic operations.

The cache 1034 has a function of temporarily storing
frequently used data. The PC 1038 is a register having a
function of storing an address of an instruction to be
executed next. Although not illustrated in FIG. 23, the cache
1034 includes a cache controller for controlling the opera-
tion of the cache memory. The pipeline register 1039 has a
function of temporarily storing instruction data. The pipeline
register 1040 has a function of temporarily storing data used
for arithmetic operations performed in the ALU 1041, data
obtained as a result of arithmetic operations in the ALU
1041, or the like. The register file 1042 includes a plurality
of registers including a general purpose register and can
store data that is read from the main memory, data obtained
as a result of arithmetic operations in the ALU 1041, or the
like.

The memory device in Embodiment 2 can be used in the
cache 1034. Consequently, high-speed operation and low
power consumption of the cache 1034 can be achieved and
thus a semiconductor device that operates more rapidly or a
semiconductor device with low power consumption can be
provided.

The bus interface 1035 functions as a path for data
between the CPU 1030 and devices outside the CPU 1030.
The debug interface 1036 functions as a path of a signal for
inputting an instruction to control debugging to the CPU
1030.

The power switch 1033 has a function of controlling
supply of the power supply voltage to circuits other than the
power controller 1032. These circuits belong to several
different power domains. The power switch 1033 controls
whether the power is supplied to circuits in the same power
domain. The power controller 1032 has a function of con-
trolling the operation of the power switch 1033. With such
a configuration, the CPU 1030 can perform power gating.
An example of the flow of the power gating operation will
be described.

First, the CPU core 1031 sets the timing for stopping the
supply of the power in a register of the power controller
1032. Next, an instruction to start power gating is sent from
the CPU core 1031 to the power controller 1032. Then, the
registers and the cache 1034 in the CPU 1030 start data
storing. Subsequently, the power switch 1033 stops the
supply of the power supply voltage to the circuits other than
the power controller 1032. Then, an interrupt signal is input
to the power controller 1032, thereby starting the supply of
the power to the circuits in the CPU 1030. Note that a
counter may be provided in the power controller 1032 to be
used to determine the timing of starting the supply of the
power supply voltage regardless of input of an interrupt
signal. Next, the registers and the cache 1034 start data
restoration. After that, execution of an instruction is resumed
in the control unit 1037.

This power gating can be performed in the entire proces-
sor or one or more logic circuits included in the processor.
The supply of power can be stopped even for a short time.
Accordingly, power consumption can be reduced at a fine
granularity in space or time.

10

15

20

25

30

35

40

45

50

55

60

65

24

In the case where the memory device of one embodiment
of the present invention is used in the cache 1034, the cache
1034 can retain data for a certain period even when the
supply of a power supply voltage is stopped. Therefore,
when power gating is performed, a period during which data
of'the cache 1034 is stored can be secured easily. Even when
the supply of the power supply voltage is suddenly stopped,
data in the cache 1034 can be stored. In the case where data
is stored, the time and power necessary for storing and
restoring data is required, while in the case of using the
memory device of one embodiment of the present invention,
such time and power are not required.
<RFIC>

A radio frequency integrated circuit (RFIC) is described
as an example of a processing unit. The RFIC stores
necessary data in a memory circuit in the RFIC, and trans-
mits and receives data to/from the outside by using contact-
less means, for example, wireless communication. With
these features, the RFIC is used for an individual authenti-
cation system in which an object or the like is recognized by
reading the individual information, for example.

FIG. 24 is a block diagram illustrating an example of an
RFIC. An RFIC 1080 illustrated in FIG. 24 includes a
rectifier circuit 1082, a regulator circuit 1083, a demodulator
circuit 1084, a modulator circuit 1085, a logic circuit 1086,
a memory device 1087, and a read-only memory (ROM)
1088. Note that decision whether each of these circuits is
provided or not can be made as appropriate as needed.
Although the RFIC 1080 in the example of FIG. 24 is a
passive type, it is needless to say that the RFIC 1080 can be
an active type with a built-in battery. An antenna 1081 is
electrically connected to the RFIC 1080. A circuit where the
antenna 1081 is connected can be referred to as an RFIC.

The memory device in Embodiment 2 has a device
structure capable of employing a combined memory (see
FIG. 15). Therefore, in the RFIC 1080, circuits other than
the antenna 1081 can be incorporated in one chip without
complicating the manufacturing process. The antenna 1081
whose performance corresponds to the communication zone
is mounted on the chip. Note that as data transmission
methods, the following methods can be given: an electro-
magnetic coupling method in which a pair of coils is
provided so as to face each other and communicates with
each other by mutual induction, an electromagnetic induc-
tion method in which communication is performed using an
induction field, and a radio wave method in which commu-
nication is performed using a radio wave. Any of these
methods can be used in the RFIC 1080 described in this
embodiment.

The antenna 1081 exchanges a radio signal 1092 with an
antenna 1091 which is connected to a communication device
1090. The rectifier circuit 1082 generates an input potential
by rectification, for example, half-wave voltage doubler
rectification of an input alternating signal generated by
reception of a radio signal at the antenna 1081 and smooth-
ing of the rectified signal with a capacitor provided in a
subsequent stage in the rectifier circuit 1082. Note that a
limiter circuit may be provided on an input side or an output
side of the rectifier circuit 1082. The limiter circuit controls
electric power so that electric power which is higher than or
equal to a certain value is not input to a circuit in a
subsequent stage if the amplitude of the input alternating
signal is high and an internal generation voltage is high.

The logic circuit 1086 decodes and processes the demodu-
lated signal. The memory device 1087 holds the input data
and includes a row decoder, a column decoder, a memory
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region, and the like. Furthermore, the ROM 1088 stores an
identification number (ID) or the like and outputs it in
accordance with processing.

The regulator circuit 1083 generates a stable power sup-
ply voltage from an input potential and supplies it to each
circuit. Note that the regulator circuit 1083 may include a
reset signal generation circuit. The reset signal generation
circuit is a circuit which generates a reset signal of the logic
circuit 1086 by utilizing rise of the stable power supply
voltage. The demodulation circuit 1084 demodulates the
input alternating signal by envelope detection and generates
the demodulated signal. The modulation circuit 1085 per-
forms modulation in accordance with data to be output from
the antenna 1081.

A variety of kinds of information can be obtained wire-
lessly by incorporating a sensor unit in the RFIC 1080. The
RFIC 1080 including a temperature sensor circuit and/or a
humidity sensor circuit can be used for controlling tempera-
ture and/or humidity of the cultural properties, for example.

Furthermore, the RFIC is used by being attached to a
medical tool for the management thereof. Since medical
tools need to be subjected to high-temperature sterilizing
treatment at 100° C. or higher in an autoclave, the memory
device of the RFIC is required to have high reliability in a
high-temperature environment. If the memory device 300 of
Embodiment 2 is used as the memory device 1087, even
after being exposed to a high-temperature environment at
100° C. or higher, the memory device 1087 can hold data.
Thus, the RFIC 1080 is very suitable for medical uses.

Although the CPU and the RFIC are described here as
examples of a processing unit, the semiconductor memory
device of one embodiment of the present invention can be
used for a variety of processing units. For example, the
semiconductor memory device of one embodiment of the
present invention can also be used for a graphics processing
unit (GPU), a programmable logic device (PLD), a digital
signal processor (DSP), a microcontroller unit (MCU), and
a custom LSI.
<<Manufacturing Method Example of Electronic Compo-
nent>>

FIG. 25A is a flow chart showing an example of a method
for manufacturing an electronic component. The electronic
component is also referred to as a semiconductor package or
an IC package. This electronic component has a plurality of
standards and names depending on a terminal extraction
direction and a terminal shape. Thus, examples of the
electronic component are described in this embodiment.

A semiconductor device including a transistor is com-
pleted by integrating detachable components on a printed
board through the assembly process (post-process). The
post-process can be finished through each step in FIG. 25A.
Specifically, an element substrate obtained in the preceding
process is formed (Step S1). The memory device 300 in FIG.
10, the imaging device 400 in FIG. 16A, and the semicon-
ductor devices in FIG. 23, FIG. 24, and the like are provided
for the element substrate, for example.

After an element substrate is completed, a rear surface of
the substrate is ground (Step S2). By thinning the substrate
at this stage, the warpage or the like of the substrate in the
preceding process is reduced and the component is down-
sized. The rear surface of the substrate is ground so that the
substrate is divided into a plurality of chips in a dicing
process. Then, the divided chips are separately picked up to
be mounted on and bonded to a lead frame in a die bonding
process (Step S3). In this die bonding process, the chip is
bonded to the lead frame by an appropriate method depend-
ing on a product, for example, bonding with a resin or a tape.
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Note that in the die bonding process, the chip may be
mounted on an interposer to be bonded.

Then, wire bonding is performed to electrically connect
lead of the lead frame to an electrode on the chip with a
metal fine line (wire) (Step S4). A silver line or a gold line
can be used as the metal fine line. Ball bonding or wedge
bonding can be used as the wire bonding. A molding process
is performed to seal the wire bonded chip with an epoxy
resin or the like (Step S5). Through the molding step, the
inside of the electronic component is filled with a resin, so
that the destruction of the circuit portion and the wire
embedded in the component due to external mechanical
force can be reduced and degradation of characteristics due
to moisture or dust can be reduced. Next, plate processing is
performed on the lead of the lead frame. After that, the lead
is cut and processed (Step S6). This plate processing pre-
vents rust of the lead and facilitates soldering at the time of
mounting the chip on a printed wiring board in a later step.
Next, printing (marking) is performed on a surface of the
package (Step S7). Through the final inspection process
(Step S8), the electronic component is completed (Step S9).

The above electronic component can include the semi-
conductor device described in the above embodiment. Thus,
the electronic component can consume less power and have
smaller size.

FIG. 25B is a schematic perspective view of the com-
pleted electronic component. FIG. 25B shows an example of
a quad flat package (QFP). As illustrated in FIG. 25B, an
electronic component 1700 includes a lead 1701 and a
circuit portion 1703. The electronic component 1700 is
mounted on a printed board 1702, for example. When a
plurality of electronic components 1700 are used in combi-
nation and electrically connected to each other over the
printed board 1702, the electronic components 1700 can be
provided in an electronic device. A completed circuit board
1704 is provided in the electronic device or the like. For
example, the electronic component 1700 can be used as a
memory device, an imaging device, and a processing unit
such as an MCU and an RFIC.

The electronic component 1700 can be used as electronic
component (an IC chip) of electronic devices in a wide
variety of fields, such as digital signal processing, software-
defined radio systems, avionic systems (electronic devices
used in aircraft, such as communication systems, navigation
systems, autopilot systems, and flight management systems),
ASIC prototyping, medical image processing, voice recog-
nition, encryption, bioinformatics, emulators for mechanical
systems, and radio telescopes in radio astronomy. Specific
examples of the electronic devices are illustrated in FIG. 26.
<Electronic Device>

A display device 8000 corresponds to a display device for
TV broadcast reception and includes a housing 8001, a
display portion 8002, speaker portions 8003, an electronic
component 8004, and the like. The electronic component
8004 of one embodiment of the present invention is pro-
vided in the housing 8001.

A semiconductor display device such as a liquid crystal
display device, a light-emitting device in which a light-
emitting element such as an organic EL element is provided
in each pixel, an electrophoretic display device, a digital
micromirror device (DMD), a plasma display panel (PDP),
or a field emission display (FED) can be used for the display
portion 8002. Note that the display device includes, in its
category, all of information display devices for personal
computers, advertisement displays, and the like besides TV
broadcast reception. Specific examples of other electronic
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devices which are provided with a display portion, such as
the display device 8000, are illustrated in FIGS. 28A to 28F.

A lighting device 8100 is an installation lighting device
including a housing 8101, a light source 8102, an electronic
component 8103, and the like. As the light source 8102, an
artificial light source which emits light artificially by using
power can be used. Specifically, an incandescent lamp, a
discharge lamp such as a fluorescent lamp, and light-emit-
ting elements such as an LED and an organic EL element are
given as examples of the artificial light source. Although
FIG. 26 illustrates an example where the lighting device
8100 is provided on a ceiling 8104, the lighting device 8100
may be provided on, for example, a sidewall 8105, a floor
8106, or a window 8107. The lighting device is not limited
to an installation lighting device and may be a tabletop
lighting device, a portable lighting device, or the like.

An air conditioner including an indoor unit 8200 and an
outdoor unit 8204 is an example of an electronic device
including an electronic component 8203 of one embodiment
of the present invention. The indoor unit 8200 includes a
housing 8201, an air outlet 8202, the electronic component
8203, and the like. Although FIG. 26 illustrates the case
where the electronic component 8203 is provided in the
indoor unit 8200, the electronic component 8203 may be
provided in the outdoor unit 8204. Alternatively, the elec-
tronic component 8203 may be provided in each of the
indoor unit 8200 and the outdoor unit 8204. For example, an
infrared light sensor or a temperature sensor unit is incor-
porated in the electronic component 8203 as a sensor unit.
Although FIG. 26 illustrates a separated air conditioner
including the indoor unit and the outdoor unit as an example,
it may be an air conditioner in which the functions of an
indoor unit and an outdoor unit are integrated in one
housing.

An electric refrigerator-freezer 8300 includes a housing
8301, a door for a refrigerator 8302, a door for a freezer
8303, an electronic component 8304, and the like. The
electronic component 8304 is provided in the housing 8301.

FIG. 26 illustrates examples of household appliances
using the electronic component 1700. The electronic com-
ponent 1700 can be incorporated in a variety of household
appliances such as a microwave oven, a dishwasher, a
washing machine, or a vacuum cleaner. Electronic devices in
which the electronic component 1700 can be incorporated
are not limited to household appliances. As described above,
the electronic component 1700 can be used in a variety of
electronic devices used in, for example, industrial robots,
assistive robots, planes, ships, and automobiles. FIGS. 27A
and 27B illustrate an example of an electric vehicle as an
example of such an electronic device.
<FElectric Vehicle>

FIG. 27A is an external view illustrating an example of an
electric vehicle 8500. The electric vehicle 8500 is equipped
with a lithium-ion secondary battery 8501 as illustrated in
FIG. 27B. The output of the electric power of the lithium-ion
secondary battery 8501 is adjusted by a control circuit 8502
and the electric power is supplied to a driving device 8503.
The control circuit 8502 is controlled by a processing unit
8504. For example, the logic circuit of one embodiment of
the present invention can be used for a memory device such
as the control circuit 8502 or the processing unit 8504.

The driving device 8503 includes a DC motor or an AC
motor either alone or in combination with an internal-
combustion engine. The processing unit 8504 outputs a
control signal to the control circuit 8502 based on input data
such as data on operation (e.g., acceleration, deceleration, or
stop) by a driver of the electric vehicle 8500 or data on
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driving the electric vehicle 8500 (e.g., data on an upgrade or
a downgrade, or data on a load on a driving wheel). The
control circuit 8502 adjusts the electric energy supplied from
the lithium-ion secondary battery 8501 in accordance with
the control signal of the processing unit 8504 to control the
output of the driving device 8503.

<Electronic Devices including Display Portion>

Electronic devices each including a display portion are
given below as examples of semiconductor devices. The
examples of the electronic device include television sets,
laptop personal computers (PCs), tablet PCs, image repro-
ducing devices (typically, devices which reproduce images
recorded in recording media such as DVDs, Blu-ray Discs,
and hard disks and have display portions for displaying
reproduced images), mobile phones, smartphones, portable
game consoles, portable information terminals (e.g., tablet
information terminals), wearable (e.g., glasses-type, goggle-
type, watch-type, and bangle-type) information terminals,
e-book readers, cameras (e.g., video cameras and digital still
cameras), navigation systems, audio reproducing devices
(e.g., car audio systems and digital audio players), copiers,
facsimiles, printers, multifunction printers, automated teller
machines (ATM), and vending machines. Specific examples
of such electronic devices are shown in FIGS. 28A to 28F.

An information terminal 5100 illustrated in FIG. 28A
includes a housing 5101, a display portion 5102, operation
keys 5103, and the like.

A portable game console 5300 illustrated in FIG. 28B
includes a housing 5301, a housing 5302, a display portion
5303, a display portion 5304, a microphone 5305, a speaker
5306, an operation key 5307, a stylus 5308, and the like.
Although the portable game console 5300 includes two
display portions (5303 and 5304), the number of display
portions are not limited to two, and may be one or three or
more.

An information terminal 5700 illustrated in FIG. 28C is an
example of a wearable information terminal. The informa-
tion terminal 5700 includes a bangle-type housing 5701, a
display portion 5702, and the like. The display portion 5702
is supported by the housing 5701 with a curved surface. A
display panel formed with a flexible substrate is provided in
the display portion 5702, whereby the information terminal
5700 can be a user-friendly information terminal that is
flexible and lightweight.

An information terminal 5200 illustrated in FIG. 28D is
an example of a wearable information terminal. The infor-
mation terminal 5200 is a watch-type information terminal
and includes a housing 5201, a display portion 5202, a band
5203, a buckle 5204, operation buttons 5205, an input output
terminal 5206, and the like. The information terminal 5200
is capable of executing a variety of applications such as
mobile phone calls, e-mailing, viewing and editing texts,
music reproduction, Internet communication, and computer
games.

The display surface of the display portion 5202 is bent,
and images can be displayed on the bent display surface. The
display portion 5202 includes a touch sensor, and operation
can be performed by touching the screen with a finger, a
stylus, or the like. For example, by touching an icon 5207
displayed on the display portion 5202, an application can be
started. With the operation button 5205, a variety of func-
tions such as time setting, ON/OFF of the power, ON/OFF
of wireless communication, setting and cancellation of a
silent mode, and setting and cancellation of a power saving
mode can be performed. For example, the functions of the
operation button 5205 can be set by setting the operating
system incorporated in the information terminal 5200.
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The information terminal 5200 can employ near field
communication conformable to a communication standard.
In that case, for example, mutual communication between
the information terminal 5200 and a headset capable of
wireless communication can be performed, and thus hands-
free calling is possible. Moreover, the information terminal
5200 includes the input output terminal 5206, and data can
be directly transmitted to and received from another infor-
mation terminal via a connector. Charging via the input
output terminal 5206 is possible. Note that the charging
operation may be performed by wireless power feeding
without using the input output terminal 5206.

An e-book reader 5600 illustrated in FIG. 28E includes a
housing 5601, a display portion 5602, and the like. A display
panel formed with a flexible substrate is provided in the
display portion 5602. Thus, the e-book reader 5600 can be
a user-friendly e-book reader that is flexible and lightweight.

An information terminal 5900 illustrated in FIG. 28F
includes a housing 5901, a display portion 5902, a micro-
phone 5907, a speaker portion 5904, a camera 5903, an
external connection portion 5906, an operation button 5905,
and the like. The display portion 5902 is provided with a
display panel formed with a flexible substrate. The infor-
mation terminal 5900 can be used as, for example, a smart-
phone, a mobile phone, a tablet information terminal, a
tablet PC, or an e-book reader.

(Embodiment 4)

In this embodiment, an oxide semiconductor, an OS
transistor, and the like are described.
<<OS Transistor Structure Example 1>>

FIGS. 29A to 29D illustrate a structure example of an OS
transistor. FIG. 29A is a top view illustrating the structure
example of the OS transistor. FIG. 29B is a cross-sectional
view taken along line y1-y2, FIG. 29C is a cross-sectional
view taken along line x1-x2, and FIG. 29D is a cross-
sectional view taken along line x3-x4. Here, in some cases,
the direction of the line yl1-y2 is referred to as a channel
length direction, and the direction of the line x1-x2 is
referred to as a channel width direction. Accordingly, FIG.
298 illustrates a cross-sectional structure of the OS transis-
tor in the channel length direction, and FIGS. 29C and 29D
each illustrate a cross-sectional structure of the OS transistor
in the channel width direction. Note that to clarify the device
structure, FIG. 29A does not illustrate some components.

An OS transistor 501 is formed over an insulating surface,
here, over an insulating layer 511. The insulating layer 511
is formed over a surface of a substrate 510. The OS transistor
501 is covered with an insulating layer 514 and an insulating
layer 515. Note that the insulating layers 514 and 515 may
be regarded as components of the OS transistor 501. The OS
transistor 501 includes an insulating layer 512, an insulating
layer 513, oxide semiconductor (OS) layers 521 to 523, a
conductive layer 530, a conductive layer 541, and a con-
ductive layer 542. The insulating layer 513 includes a region
functioning as a gate insulating layer. The conductive layer
530 functions as a gate electrode. Here, the OS layers 521,
522, and 523 are collectively referred to as an OS layer 520.

As illustrated in FIGS. 29B and 29C, the OS layer 520
includes a region where the OS layer 521, the OS layer 522,
and the OS layer 523 are stacked in this order. The insulating
layer 513 covers this stacked region. The conductive layer
530 overlaps the stacked region with the insulating layer 513
positioned therebetween. The conductive layer 541 and the
conductive layer 542 are provided over the stacked film
formed of the OS layer 521 and the OS layer 523 and are in
contact with a top surface of this stacked film and a side
surface positioned in the channel length direction of the
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stacked film. In the example of FIGS. 29A to 29D, the
conductive layers 541 and 542 are also in contact with the
insulating layer 512. The OS layer 523 is formed to cover the
OS layers 521 and 522 and the conductive layers 541 and
542. A bottom surface of the OS layer 523 is in contact with
a top surface of the OS layer 522.

The conductive layer 530 is formed so as to surround, in
the channel width direction, the region where the OS layers
521 to 523 are stacked in the OS layer 520 with the
insulating layer 513 positioned therebetween (see FIG.
29C). Therefore, a gate electric field in the vertical direction
and a gate electric field in the lateral direction are applied to
this stacked region. In the OS transistor 501, the “gate
electric field” refers to an electric field generated by voltage
applied to the conductive layer 530 (gate electrode layer).
Accordingly, the whole stacked region of the OS layers 521
to 523 can be electrically surrounded by the gate electric
fields, so that a channel is formed in the whole OS layer 522
(bulk), in some cases. Thus, high on-state current of the OS
transistor 501 can be achieved.

In this specification, a structure of a transistor in which a
semiconductor is electrically surrounded by a gate electric
field as in the above transistor is referred to as a surrounded
channel (s-channel) structure. The OS transistor 501 has the
s-channel structure. With this s-channel structure, a large
amount of current can flow between the source and the drain
of the transistor, so that a high drain current in an on state
(on-state current) can be achieved.

By employing the s-channel structure in the OS transistor
501, channel formation region controllability by a gate
electric field applied to the side surface of the OS layer 522
becomes easy. In the structure where the conductive layer
530 reaches below the OS layer 522 and faces the side
surface of the OS layer 521, higher controllability can be
achieved, which is preferable. Consequently, the subthresh-
old swing (S value) of the OS transistor 501 can be made
small, so that a short-channel effect can be reduced. There-
fore, this is suitable for miniaturization.

When an OS transistor has a three-dimensional structure
as in the OS transistor 501 illustrated in FIGS. 29A to 29D,
the channel length can be less than 100 nm. By miniatur-
ization of the OS transistor, circuit area can be made small.
The channel length of the OS transistor is preferably less
than 65 nm, further preferably less than or equal to 30 nm
or less than or equal to 20 nm. The channel length is at least
10 nm.

A conductor functioning as a gate of a transistor is
referred to as a gate electrode. A conductor functioning as a
source of a transistor is referred to as a source electrode. A
conductor functioning as a drain of a transistor is referred to
as a drain electrode. A region functioning as a source of a
transistor is referred to as a source region. A region func-
tioning as a drain of a transistor is referred to as a drain
region. In this specification, a gate electrode is referred to as
a gate, a drain electrode or a drain region is referred to as a
drain, and a source electrode or a source region is referred
to as a source in some cases.

The channel length refers to, for example, a distance
between a source and a drain in a region where a semicon-
ductor (or a portion where a current flows in a semiconduc-
tor when a transistor is on) and a gate electrode overlap each
other or a region where a channel is formed in a top view of
the transistor. In one transistor, channel lengths in all regions
are not necessarily the same. In other words, the channel
length of one transistor is not limited to one value in some
cases. Therefore, in this specification, the channel length is
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any one of values, the maximum value, the minimum value,
or the average value in a region where a channel is formed.

A channel width refers to, for example, the length of a
portion where a source and a drain face each other in a
region where a semiconductor (or a portion where a current
flows in a semiconductor when a transistor is on) and a gate
electrode overlap with each other, or a region where a
channel is formed. In one transistor, channel widths in all
regions do not necessarily have the same value. In other
words, a channel width of one transistor is not fixed to one
value in some cases. Therefore, in this specification, a
channel width is any one of values, the maximum value, the
minimum value, or the average value in a region where a
channel is formed.

Note that depending on transistor structures, a channel
width in a region where a channel is formed actually
(hereinafter referred to as an effective channel width) is
different from a channel width shown in a top view of a
transistor (hereinafter referred to as an apparent channel
width) in some cases. For example, in a transistor having a
three-dimensional structure, an effective channel width is
greater than an apparent channel width shown in a top view
of' the transistor, and its influence cannot be ignored in some
cases. For example, in a miniaturized transistor having a
three-dimensional structure, the proportion of a channel
region formed in a side surface of a semiconductor is high
in some cases. In that case, an effective channel width
obtained when a channel is actually formed is greater than
an apparent channel width shown in the top view.

In a transistor having a three-dimensional structure, an
effective channel width is difficult to measure in some cases.
For example, estimation of an effective channel width from
a design value requires an assumption that the shape of a
semiconductor is known. Therefore, in the case where the
shape of a semiconductor is not known accurately, it is
difficult to measure an effective channel width accurately.

Therefore, in this specification, in a top view of a tran-
sistor, an apparent channel width that is a length of a portion
where a source and a drain face each other in a region where
a semiconductor and a gate electrode overlap with each
other is referred to as a surrounded channel width (SCW) in
some cases. Furthermore, in this specification, in the case
where the term “channel width” is simply used, it may
denote a surrounded channel width or an apparent channel
width. Alternatively, in this specification, in the case where
the term “channel width” is simply used, it may denote an
effective channel width in some cases. Note that the values
of a channel length, a channel width, an effective channel
width, an apparent channel width, a surrounded channel
width, and the like can be determined by obtaining and
analyzing a cross-sectional TEM image and the like.

Note that in the case where field-effect mobility, a current
value per channel width, and the like of a transistor are
obtained by calculation, a surrounded channel width may be
used for the calculation. In that case, the values may be
different from those calculated using an effective channel
width in some cases.
<Substrate>

The substrate 510 is not limited to a simple supporting
substrate and may be a substrate where a device such as a
transistor is formed. In that case, one of the conductive
layers 530, 541, and 542 of the OS transistor 501 may be
electrically connected to the device.
<Base Insulating Layer>

The insulating layer 511 has a function of preventing
impurity diffusion from the substrate 510. The insulating
layer 512 preferably has a function of supplying oxygen to
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the OS layer 520. For this reason, the insulating layer 512 is
preferably an insulating film containing oxygen, more pref-
erably, an insulating film containing oxygen in which the
oxygen content is higher than that in the stoichiometric
composition. For example, a film from which oxygen mol-
ecules at more than or equal to 1.0x10'® molecules/cm? are
released in thermal desorption spectroscopy (TDS) at a
surface temperature of the film of higher than or equal to
100° C. and lower than or equal to 700° C., or higher than
or equal to 100° C. and lower than or equal to 500° C. can
be used. When the substrate 510 is a substrate where a
device is formed as described above, the insulating layer 511
is preferably subjected to planarization treatment such as
chemical mechanical polishing (CMP) so as to have a flat
surface.

The insulating layers 511 and 512 can be formed using an
insulating material of aluminum oxide, aluminum oxyni-
tride, magnesium oxide, silicon oxide, silicon oxynitride,
gallium oxide, germanium oxide, yttrium oxide, zirconium
oxide, lanthanum oxide, neodymium oxide, hathium oxide,
tantalum oxide, silicon nitride, silicon nitride oxide, alumi-
num nitride oxide, or the like, or a mixed material of these
materials.
<Gate Electrode>

The conductive layer 530 is preferably formed using a
metal selected from copper (Cu), tungsten (W), molybde-
num (Mo), gold (Au), aluminum (Al), manganese (Mn),
titanium (Ti), tantalum (Ta), nickel (Ni), chromium (Cr),
lead (Pb), tin (Sn), iron (Fe), cobalt (Co), ruthenium (Ru),
iridium (Ir), strontium (Sr), and platinum (Pt); an alloy
containing any of these metals as its main component; or a
compound containing any of these metals as its main com-
ponent.

The conductive layer 530 may have a single-layer struc-
ture or a stacked-layer structure of two or more layers. For
example, any of the following structures can be employed:
a single-layer structure of an aluminum film containing
silicon; a two-layer structure in which a titanium film is
stacked over an aluminum film; a two-layer structure in
which a titanium film is stacked over a titanium nitride film;
atwo-layer structure in which a tungsten film is stacked over
a titanium nitride film; a two-layer structure in which a
tungsten film is stacked over a tantalum nitride film or a
tungsten nitride film; a three-layer structure in which a
titanium film, an aluminum film, and a titanium film are
stacked in this order; a single-layer structure of a Cu—Mn
alloy film; a two-layer structure in which a Cu film is stacked
over a Cu—Mn alloy film; and a three-layer structure in
which a Cu—Mn alloy film, a Cu film, and a Cu—Mn alloy
film are stacked in this order. A Cu—Mn alloy film is
preferably used because of its low electrical resistance and
because it forms manganese oxide at the interface with an
insulating film containing oxygen and manganese oxide can
prevent Cu diffusion.

The conductive layer 530 can also be formed using a
light-transmitting conductive material such as indium tin
oxide, indium oxide containing tungsten oxide, indium zinc
oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide,
indium zinc oxide, or indium tin oxide to which silicon
oxide is added. It is also possible to have a stacked-layer
structure formed using the above light-transmitting conduc-
tive material and the above metal element.
<QGate Insulating Layer>

The insulating layer 513 is formed using an insulating
film having a single-layer structure or a layered structure.
The insulating layer 513 can be formed using an insulating
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film containing at least one of aluminum oxide, magnesium
oxide, silicon oxide, silicon oxynitride, silicon nitride oxide,
silicon nitride, gallium oxide, germanium oxide, yttrium
oxide, zirconium oxide, lanthanum oxide, neodymium
oxide, hafnium oxide, and tantalum oxide. The insulating
layer 513 may be a stack including any of the above
materials. The insulating layer 513 may contain lanthanum
(La), nitrogen, zirconium (Zr), or the like as an impurity. The
insulating layer 511 can be formed in a manner similar to
that of the insulating layer 513. The insulating layer 513
contains oxygen, nitrogen, silicon, hafnium, or the like, for
example. Specifically, the insulating layer 513 preferably
contains hafnium oxide, and silicon oxide or silicon oxyni-
tride.

Hafnium oxide has a higher dielectric constant than
silicon oxide and silicon oxynitride. Therefore, the insulat-
ing layer 513 using hafnium oxide can have a larger thick-
ness than the insulating layer 513 using silicon oxide, so that
leakage current due to tunnel current can be reduced. That is,
a transistor with low off-state current can be provided.
Moreover, hafnium oxide with a crystal structure has a
higher dielectric constant than hafnium oxide with an amor-
phous structure. Therefore, it is preferable to use hafnium
oxide with a crystal structure in order to provide a transistor
with low off-state current. Examples of the crystal structure
include a monoclinic crystal structure and a cubic crystal
structure. Note that one embodiment of the present invention
is not limited to the above examples.
<Source Electrode, Drain Electrode, Back Gate Electrode>

The conductive layers 541 and 542 can be formed in a
manner similar to that of the conductive layer 530. A
Cu—Mn alloy film is preferably used for the conductive
layers 541 and 542 because of its low electrical resistance,
because it forms manganese oxide at the interface with an
oxide semiconductor film when formed in contact with the
oxide semiconductor film, and because manganese oxide
can prevent Cu diffusion. Furthermore, a conductive layer
531 described later (FIGS. 31A to 31C) can be formed in a
manner similar to that of the conductive layer 530.
<Protective Insulating Film>

The insulating layer 514 preferably has a function of
blocking oxygen, hydrogen, water, an alkali metal, an alka-
line earth metal, and the like. The insulating layer 514 can
prevent outward diffusion of oxygen from the OS layer 520
and entry of hydrogen, water, or the like into the OS layer
520 from the outside. The insulating layer 514 can be a
nitride insulating film, for example. The nitride insulating
film is formed using silicon nitride, silicon nitride oxide,
aluminum nitride, aluminum nitride oxide, or the like. Note
that instead of the nitride insulating film having a blocking
effect against oxygen, hydrogen, water, an alkali metal, an
alkaline earth metal, and the like, an oxide insulating film
having a blocking effect against oxygen, hydrogen, water,
and the like may be provided. As the oxide insulating film
having a blocking effect against oxygen, hydrogen, water,
and the like, an aluminum oxide film, an aluminum oxyni-
tride film, a gallium oxide film, a gallium oxynitride film, an
yttrium oxide film, an yttrium oxynitride film, a hafnium
oxide film, and a hafnium oxynitride film can be used.

An aluminum oxide film is preferably used as the insu-
lating layer 514 because it is highly effective in preventing
transmission of both oxygen and impurities such as hydro-
gen and moisture. Thus, during and after the manufacturing
process of the transistor, the aluminum oxide film can
suitably function as a protective film that has effects of
preventing entry of impurities such as hydrogen and mois-
ture, which cause variations in the electrical characteristics
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of'the transistor, into the OS layer 520, preventing release of
oxygen, which is the main component of the OS layer 520,
from the oxide semiconductor, and preventing unnecessary
release of oxygen from the insulating layer 512. In addition,
oxygen contained in the aluminum oxide film can be dif-
fused into the oxide semiconductor.

<Interlayer Insulating Film>

The insulating layer 515 is preferably formed over the
insulating layer 514. The insulating layer 515 can be formed
using an insulating film with a single-layer structure or a
stacked-layer structure. The insulating layer can be formed
using an insulating film containing one or more of magne-
sium oxide, silicon oxide, silicon oxynitride, silicon nitride
oxide, silicon nitride, gallium oxide, germanium oxide,
yttrium oxide, zirconium oxide, lanthanum oxide, neo-
dymium oxide, hafnium oxide, and tantalum oxide.
<Oxide Semiconductor Layer>

As the semiconductor material of the OS layers 521 to
523, typically, an In—Ga oxide, an In—Z7n oxide, or an
In-M-Zn oxide (M is Ga, Y, Sn, Zr, La, Ce, Nd, or the like)
is used. The element M is an element having a high bonding
energy with oxygen, for example. Alternatively, the element
M is an element whose bonding energy with oxygen is
higher than that of indium. The OS layers 521 to 523 are not
limited to the oxide layers containing indium. The OS layers
521 to 523 can be formed using a Zn—Sn oxide layer, a
Ga—Sn oxide layer, or a Zn—Mg oxide layer, for example.
The OS layer 522 is preferably formed using an In-M-Zn
oxide. The OS layers 521 and 523 can be formed using a Ga
oxide.

The OS layer 522 is not limited to the oxide semicon-
ductor containing indium. The OS layer 522 may be, for
example, an oxide semiconductor which does not contain
indium and contains zinc, an oxide semiconductor which
does not contain indium and contains gallium, or an oxide
semiconductor which does not contain indium and contains
tin, e.g., a zinc tin oxide or a gallium tin oxide.

For the OS layer 522, an oxide with a wide energy gap
may be used. The energy gap of the OS layer 522 is, for
example, 2.5 eV or larger and 4.2 eV or smaller, preferably
2.8 eV or larger and 3.8 eV or smaller, more preferably 3 eV
or larger and 3.5 eV or smaller.

The OS layer 522 is preferably a CAAC-OS film which
will be described later. When the oxide semiconductor
contains Zn, the oxide semiconductor is easily to be crys-
tallized, for example. Thus, the OS layer 522 preferably
contains Zn.

When an interface level is formed at the interface between
the OS layer 522 and the OS layer 521, a channel region is
formed also in the vicinity of the interface, which causes a
change in the threshold voltage of the OS transistor 501. It
is preferable that the OS layer 521 contains at least one of
the metal elements contained in the OS layer 522. Accord-
ingly, an interface level is unlikely to be formed at the
interface between the OS layer 522 and the OS layer 523,
and variations in the electrical characteristics of the OS
transistor 501, such as the threshold voltage can be reduced.

The OS layer 523 preferably contains at least one of the
metal elements contained in the OS layer 522 because
interface scattering is unlikely to occur at the interface
between the OS layer 522 and the OS layer 523, and carrier
transfer is not inhibited. Thus, the field-effect mobility of the
OS transistor 501 can be increased.

The OS layers 521, 522, and 523 preferably include at
least Indium. In the case of using an In-M-Zn oxide as the
OS layer 521, when the summation of In and M is assumed
to be 100 atomic %, the proportions of In and M are
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preferably set to be less than 50 atomic % and greater than
50 atomic %, respectively, further preferably less than 25
atomic % and greater than 75 atomic %, respectively. In the
case of using an In-M-Zn oxide as the OS layer 522, when
the summation of In and M is assumed to be 100 atomic %,
the proportions of In and M are preferably set to be greater
than 25 atomic % and less than 75 atomic %, respectively,
further preferably greater than 34 atomic % and less than 66
atomic %, respectively. In the case of using an In-M-Zn
oxide as the OS layer 523, when the summation of In and M
is assumed to be 100 atomic %, the proportions of In and M
are preferably set to be less than 50 atomic % and greater
than 50 atomic %, respectively, further preferably less than
25 atomic % and greater than 75 atomic %, respectively.
Note that the OS layer 523 may be an oxide that is the same
type as that of the OS layer 521. Note that the OS layer 521
and/or the OS layer 523 do/does not necessarily contain
indium in some cases. For example, the OS layer 521 and/or
the OS layer 523 can be formed using a gallium oxide film.

It is preferable that the OS layer 522 have the highest
carrier mobility among the OS layers 521 to 523. Accord-
ingly, a channel can be formed in the OS layer 522 that is
apart from the insulating layer 511.

In an oxide containing In such as an In-M-Zn oxide,
carrier mobility can be increase by an increase in the In
content. In the In-M-Zn oxide, the s orbital of heavy metal
mainly contributes to carrier transfer, and when the indium
content in the oxide semiconductor is increased, overlaps of
the s orbitals of In atoms are increased; therefore, an oxide
having a high content of indium has higher mobility than an
oxide having a low content of indium. Therefore, an oxide
having a high content of indium is used as an oxide
semiconductor film, whereby carrier mobility can be
increased.

When an oxide semiconductor film is deposited by a
sputtering method, because of heating of a substrate surface
(the surface on which the CAAC-OS is deposited), space
heating, or the like, the composition of the film is sometimes
different from that of a target as a source or the like. For
example, in the case of using a target of an In—Ga—Z7n
oxide, since zinc oxide sublimates more easily than indium
oxide, gallium oxide, or the like, the source and the In—
Ga—Zn oxide are likely to have different compositions.
Specifically, the content of Zn is smaller than that of the
source in the In—Ga—7n oxide. Thus, the source is pref-
erably selected taking into account the change in composi-
tion. Note that a difference between the compositions of the
source and the film is also affected by a pressure or a gas
used for the deposition as well as a temperature.

In the case where the OS layer 522 is an In-M-Zn oxide
formed by a sputtering method, it is preferable that the
atomic ratio of metal elements of a target used for depositing
the In-M-Zn oxide be In:M:Zn=1:1:1, 3:1:2, or 4:2:4.1. For
example, the atomic ratio of metal elements contained in a
semiconductor film deposited using a target of In:M:7Zn=4:
2:4.1 is approximately In:M:7Zn=4:2:3.

In the case where each of the OS layers 521 and 523 is an
In-M-Zn oxide formed by a sputtering method, it is prefer-
able that the atomic ratio of metal elements of a target used
for depositing the In-M-Zn oxide be In:M:Zn=1:3:2 or 1:3:4.

In the case where the oxide semiconductor film is formed
by a sputtering method, a power supply device for generat-
ing plasma can be an RF power supply device, an AC power
supply device, a DC power supply device, or the like as
appropriate. As a sputtering gas, a rare gas (typically argon),
oxygen, or a mixed gas of a rare gas and oxygen is used as
appropriate. In the case of using the mixed gas of a rare gas
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and oxygen, the proportion of oxygen to a rare gas is
preferably increased. Furthermore, a target may be appro-
priately selected in accordance with the composition of the
oxide semiconductor to be formed.

To make the oxide semiconductor intrinsic or substan-
tially intrinsic, besides the high vacuum evacuation of the
chamber, a highly purification of a sputtering gas is also
needed. As an oxygen gas or an argon gas used for a
sputtering gas, a gas which is highly purified to have a dew
point of —40° C. or lower, preferably —-80° C. or lower,
further preferably —100° C. or lower, still further preferably
-120° C. or lower is used, whereby entry of moisture or the
like into the oxide semiconductor can be prevented as much
as possible.
<Energy Band Structure>

Next, the function and effect of the OS layer 520 in which
the OS layers 521, 522, and 523 are stacked are described
using an energy band diagram in FIG. 30B. FIG. 30A is an
enlarged view of a channel region of the OS transistor 501
in FIG. 29B. FIG. 30B shows an energy band diagram of a
portion taken along dotted line z1-72 (the channel formation
region of the OS transistor 501) in FIG. 30A. The OS
transistor 501 is described below as an example, but the
same applies to the OS transistors 502 to 506.

In FIG. 30B, Ec512, Ec521, Ec522, Ec523, and Ec513
indicate the energy at the bottom of the conduction band of
the insulating layer 512, the OS layer 521, the OS layer 522,
the OS layer 523, and the insulating layer 513, respectively.

Here, a difference in energy between the vacuum level
and the bottom of the conduction band (the difference is also
referred to as electron affinity) corresponds to a value
obtained by subtracting an energy gap from a difference in
energy between the vacuum level and the top of the valence
band (the difference is also referred to as an ionization
potential). The energy gap can be measured using a spec-
troscopic ellipsometer (UT-300 manufactured by HORIBA
JOBIN YVON S.A.S.). The energy difference between the
vacuum level and the top of the valence band can be
measured using an ultraviolet photoelectron spectroscopy
(UPS) device (VersaProbe manufactured by ULVAC-PHI,
Inc.).

Since the insulating layer 512 and the insulating layer 513
are insulators, Ec512 and Ec513 are closer to the vacuum
level than Ec521, Ec522, and Ec523 (i.e., the insulating
layer 512 and the insulating layer 513 have a smaller
electron affinity than the OS layers 521, 522, and 523).

The OS layer 522 is an oxide layer which has a larger
electron affinity than the OS layers 521 and 523. For
example, as the OS layer 522, an oxide having higher
electron affinity than those of the OS layer 521 and the OS
layer 523 by greater than or equal to 0.07 eV and less than
or equal to 1.3 eV, preferably greater than or equal to 0.1 eV
and less than or equal to 0.7 eV, more preferably greater than
or equal to 0.15 eV and less than or equal to 0.4 eV is used.
Note that the electron affinity refers to an energy gap
between the vacuum level and the bottom of the conduction
band.

When voltage is applied to the gate (the conductive layer
530) of the OS transistor 501, a channel is formed in the OS
layer 522 having the highest electron affinity among the OS
layers 521, 522, and 523.

An indium gallium oxide has small electron affinity and a
high oxygen-blocking property. Therefore, the OS layer 523
preferably contains an indium gallium oxide. The gallium
atomic ratio [Ga/(In+Ga)] is, for example, higher than or
equal to 70%, preferably higher than or equal to 80%, more
preferably higher than or equal to 90%.
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Ec521 is closer to the vacuum level than Ec522. Specifi-
cally, Ec521 is preferably located closer to the vacuum level
than Ec522 by 0.05 eV or more, 0.07 eV or more, 0.1 eV or
more, or 0.15 eV or more and 2 eV or less, 1 eV or less, 0.5
eV or less, or 0.4 €V or less.

Ec523 is closer to the vacuum level than Ec522. Specifi-
cally, Ec523 is preferably located closer to the vacuum level
than Ec522 by 0.05 eV or more, 0.07 eV or more, 0.1 eV or
more, or 0.15 eV or more and 2 eV or less, 1 eV or less, 0.5
eV or less, or 0.4 €V or less.

In some cases, there is a mixed region of the OS layer 521
and the OS layer 522 between the OS layer 521 and OS layer
522. Furthermore, in some cases, there is a mixed region of
the OS layer 523 and the OS layer 522 between the OS layer
523 and OS layer 522. Because the mixed region has a low
interface state density, a stack of the OS layers 521 to 523
(the OS layer 520) has a band structure where energy at each
interface and in the vicinity of the interface is changed
continuously (continuous junction).

Electrons transfer mainly through the OS layer 522 in the
OS layer 520 having such an energy band structure. There-
fore, even if an interface state exists at the interface between
the OS layer 521 and the insulating layer 512 or the interface
between the OS layer 523 and the insulating layer 513,
electron movement in the OS layer 520 is less likely to be
inhibited and the on-sate current of the OS transistor 501 can
be increased.

Although trap states Et502 due to impurities or defects
might be formed in the vicinity of the interface between the
OS layer 521 and the insulating layer 512 and the interface
between the OS layer 523 and the insulating layer 513 as
illustrated in FIG. 30B, the OS layer 522 can be separated
from the trap states Et502 owing to the existence of the OS
layers 521 and 523. In the transistor 501, in the channel
width direction, the top surface and side surfaces of the OS
layer 522 are in contact with the OS layer 523, and the
bottom surface of the OS layer 522 is in contact with the OS
layer 521 (see FIG. 29C). Surrounding the OS layer 522 by
the OS layers 521 and 523 in this manner can further reduce
the influence of the trap states Et502.

However, when the energy difference between Ec522 and
Ec521 or Ec523 is small, an electron in the OS layer 522
might reach the trap state by passing over the energy
difference. Since the electron is trapped in the trap level,
negative fixed electric charge is caused at the interface with
the insulating film; thus, the threshold voltage of the tran-
sistor is shifted in a positive direction. Therefore, each of the
energy gaps between Ec521 and Ec522 and between Ec522
and Ec523 is preferably 0.1 eV or more, or further preferably
0.15 eV or more, in which case a change in the threshold
voltage of the OS transistor 501 can be reduced and the OS
transistor 501 can have favorable electrical characteristics.

As factors of inhibiting electron movement are decreased,
the on-state current of the transistor can be increased. For
example, in the case where there is no factor of inhibiting
electron movement, electrons are assumed to be moved
efficiently. Electron movement is inhibited, for example, in
the case where physical unevenness in the channel formation
region is large. The electron movement is also inhibited, for
example, in the case where the density of defect states is
high in a region where a channel is formed.

To increase the on-state current of the OS transistor 501,
for example, root mean square (RMS) roughness with a
measurement area of 1 pmx1 pm of a top surface or a bottom
surface of the OS layer 522 (a formation surface; here, the
OS layer 521) is less than 1 nm, preferably less than 0.6 nm,
further preferably less than 0.5 nm, still further preferably
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less than 0.4 nm. The average surface roughness (also
referred to as Ra) with the measurement area of 1 umx1 pm
is less than 1 nm, preferably less than 0.6 nm, further
preferably less than 0.5 nm, still further preferably less than
0.4 nm. The maximum difference (P-V) with the measure-
ment area of 1 umx1 pm is less than 10 nm, preferably less
than 9 nm, further preferably less than 8 nm, still further
preferably less than 7 nm.

For example, in the case where the OS layer 522 contains
oxygen vacancies (also denoted by V), donor levels are
formed by entry of hydrogen into sites of oxygen vacancies
in some cases. A state in which hydrogen enters sites of
oxygen vacancies are denoted by V_ H in the following
description in some cases. V H is a factor of decreasing the
on-state current of the transistor because V_H scatters elec-
trons. Note that sites of oxygen vacancies become more
stable by entry of oxygen than by entry of hydrogen. Thus,
by decreasing oxygen vacancies in the OS layer 522, the
on-state current of the transistor can be increased in some
cases. For example, the hydrogen concentration at a certain
depth in the OS layer 522 or in a certain region of the OS
layer 522, which is measured by secondary ion mass spec-
trometry (SIMS), is lower than or equal to 2x10?° atoms/
cm?®, preferably lower than or equal to 5x10'° atoms/cm®,
further preferably lower than or equal to 1x10'® atoms/cm?,
still further preferably lower than or equal to 5x10"® atoms/
cm’.

To decrease oxygen vacancies in the OS layer 522, for
example, there is a method in which excess oxygen in the
insulating layer 512 is moved to the OS layer 522 through
the OS layer 521. In this case, the OS layer 521 is preferably
a layer having an oxygen-transmitting property (a layer
through which oxygen passes or is transmitted).

In the case where the OS transistor 501 has an s-channel
structure, a channel can be formed in the whole OS layer
522. The thickness of the OS layer 522 may be greater than
or equal to 10 nm and less than or equal to 100 nm, or greater
than or equal to 10 nm and less than or equal to 30 nm.

Moreover, the thickness of the OS layer 523 is preferably
small to increase the on-state current of the transistor. The
thickness of the OS layer 523 is less than 10 nm, preferably
less than or equal to 5 nm, or further preferably less than or
equal to 3 nm, for example. Meanwhile, the OS layer 523
has a function of blocking entry of elements other than
oxygen (such as hydrogen and silicon) included in the
adjacent insulator into the OS layer 522. Thus, the OS layer
523 preferably has a certain thickness. For example, the OS
layer 523 has a region with a thickness of greater than or
equal to 0.3 nm, preferably greater than or equal to 1 nm,
more preferably greater than or equal to 2 nm. The OS layer
523 preferably has an oxygen blocking property to suppress
outward diffusion of oxygen released from an insulating film
652 and the like.

To improve reliability, preferably, the thickness of the OS
layer 521 is large and the thickness of the OS layer 523 is
small. For example, the OS layer 521 has a region with a
thickness of, for example, greater than or equal to 10 nm,
preferably greater than or equal to 20 nm, further preferably
greater than or equal to 40 nm, still further preferably greater
than or equal to 60 nm. When the thickness of the OS layer
521 is made large, a distance from an interface between the
adjacent insulator and the OS layer 521 to the OS layer 522
in which a channel is formed can be large. Since the
productivity of the semiconductor device might be
decreased, the OS layer 521 has a region with a thickness of,
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for example, less than or equal to 200 nm, preferably less
than or equal to 120 nm, further preferably less than or equal
to 80 nm.

In order that an OS transistor in which a channel is formed
in an oxide semiconductor have stable electrical character-
istics, it is effective to make the oxide semiconductor
intrinsic or substantially intrinsic by reducing the concen-
tration of impurities in the oxide semiconductor. The term
“substantially intrinsic” refers to a state where an oxide
semiconductor has a carrier density lower than 1x10'7/cm?,
preferably lower than 1x10'%/cm®, more preferably lower
than 1x10%3/cm?.

In the oxide semiconductor, hydrogen, nitrogen, carbon,
silicon, and a metal element other than a main component
are impurities. For example, hydrogen and nitrogen form
donor levels to increase the carrier density, and silicon forms
impurity levels in the oxide semiconductor. The impurity
levels serve as traps and might cause the electric character-
istics of the transistor to deteriorate. Therefore, it is prefer-
able to reduce the concentration of the impurities in the OS
layers 521, 522, and 523 and at interfaces between the OS
layers.

In order to make the oxide semiconductor intrinsic or
substantially intrinsic, for example, the concentration of
silicon at a certain depth of the oxide semiconductor or in a
region of the oxide semiconductor, which is measured by
SIMS, is lower than 1x10*° atoms/cm>, preferably lower
than 5x10™® atoms/cm?®, further preferably lower than
1x10'® atoms/cm’. The concentration of hydrogen at a
certain depth of the oxide semiconductor or in a region of the
oxide semiconductor is lower than or equal to 2x10%°
atoms/cm?, preferably lower than or equal to 5x10*° atoms/
cm?®, further preferably lower than or equal to 1x10%°
atoms/cm®, still further preferably lower than or equal to
5x10"® atoms/cm>. The concentration of nitrogen at a certain
depth of the oxide semiconductor or in a region of the oxide
semiconductor is lower than 5x10'° atoms/cm®, preferably
lower than or equal to 5x10'® atoms/cm®, further preferably
lower than or equal to 1x10'® atoms/cm?, still further
preferably lower than or equal to 5x10'7 atoms/cm®.

In addition, in the case where the oxide semiconductor
includes a crystal, high concentration of silicon or carbon
might reduce the crystallinity of the oxide semiconductor. In
order not to reduce the crystallinity of the oxide semicon-
ductor, for example, the concentration of silicon at a certain
depth of the oxide semiconductor or in a region of the oxide
semiconductor is lower than 1x10'° atoms/cm?®, preferably
lower than 5x10"® atoms/cm®, further preferably lower than
1x10'® atoms/cm?. Furthermore, the concentration of carbon
at a certain depth of the oxide semiconductor or in a region
of the oxide semiconductor is lower than 1x10'® atoms/cm?,
preferably lower than 5x10"® atoms/cm?, further preferably
lower than 1x10"® atoms/cm’, for example.

A transistor in which the above highly purified oxide
semiconductor is used for a channel formation region exhib-
its extremely low off-state current. When voltage between a
source and a drain is set at about 0.1 V, 5V, or 10V, for
example, the off-state current standardized on the channel
width of the transistor can be as low as several yoctoamperes
per micrometer to several zeptoamperes per micrometer.

FIGS. 29A to 29D show examples in which the OS layer
520 has a three-layer structure; however, the present inven-
tion is not limited thereto. For example, the OS layer 520
may have a two-layer structure without the OS layer 521 or
the OS layer 523. Alternatively, the OS layer 520 may have
a four-layer structure in which any one of the oxide semi-
conductors described as the OS layers 521, 522 and 523 is

20

40

45

40

provided below or over the OS layer 521 or below or over
the OS layer 523. Alternatively, the OS layer 520 may have
an n-layer structure (n is an integer of 5 or more) in which
any one of the oxide semiconductors (e.g., the OS layers 521
to 523) is provided at two or more of the following positions:
between arbitrary layers in the OS layer 520, over the OS
layer 520, and below the OS layer 520.

<<OS Transistor Structure Example 2>>

The OS transistor 502 in FIG. 31A is a modification
example of the OS transistor 501. Like the OS transistor 501,
the OS transistor 502 illustrated also has an s-channel
structure. The OS transistor 502 is different from the OS
transistor 501 in the shapes of the conductive layers 541 and
542 and in that the conductive layer 531 is provided over the
insulating layer 511.

The conductive layer 531 functions as a back gate elec-
trode. A constant potential, the same potential or signal
supplied to the conductive layer 530, or a potential or signal
that is different from that supplied to the conductive layer
530 may be supplied to the conductive layer 531. The
conductive layer 541 and the conductive layer 542 function
as a source electrode and a drain electrode.

The conductive layer 541 and the conductive layer 542 in
the OS transistor 502 are formed from a hard mask used for
forming the stacked film of the OS layer 521 and the OS
layer 522. Therefore, the conductive layer 541 and the
conductive layer 542 do not have regions in contact with the
side surfaces of the OS layer 521 and the OS layer 522. For
example, through the following steps, the OS layers 521 and
522 and the conductive layers 541 and 542 can be formed.
A two-layer oxide semiconductor film including the OS
layers 521 and 522 is formed. A single-layer or multi-layer
conductive film is formed over the oxide semiconductor
film. This conductive film is etched, so that a hard mask is
formed. Using this hard mask, the two-layer oxide semicon-
ductor film is etched to form the OS layers 521 and 522.
Then, the hard mask is etched to form the conductive layer
541 and the conductive layer 542.

The conductive layer 531 can function as a back gate
electrode of the OS transistor 502. The conductive layer 531
can be provided in the OS transistor 501 in FIGS. 29A to
29D, and OS transistors 503 to 506 (FIGS. 31B and 31C and
FIGS. 32A and 32B) which will be described later.
<<OS Transistor Structure Examples 3 and 4>>

An OS transistor 503 illustrated in FIG. 31B is a modi-
fication example of the OS transistor 501, and an OS
transistor 504 illustrated in FIG. 31C is a meodification
example of the OS transistor 502. In each of the OS
transistors 503 and 504, the OS layer 523 and the insulating
layer 513 are etched using the conductive layer 530 as a
mask. Thus, an edge of the OS layer 523 and an edge of the
insulating layer 513 are substantially aligned with an edge of
the conductive layer 530.
<<OS Transistor Structure Examples 5 and 6>>

An OS transistor 505 illustrated in FIG. 32A is a modi-
fication example of the OS transistor 501, and an OS
transistor 506 illustrated in FIG. 32B is a modification
example of the OS transistor 502. The OS transistor 505 has
a layer 551 between the OS layer 523 and the conductive
layer 541. The OS transistor 506 has a layer 552 between the
OS layer 523 and the conductive layer 542.

The layers 551 and 552 can each be formed using a layer
of'a transparent conductor, an oxide semiconductor, a nitride
semiconductor, or an oxynitride semiconductor, for
example. The layers 551 and 552 can be formed using an
n-type oxide semiconductor layer or can be formed using a
conductive layer that has higher resistance than the conduc-
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tive layers 541 and 542. The layers 551 and 552 may be
formed using, for example, any of a layer containing indium,
tin, and oxygen, a layer containing indium and zinc, a layer
containing indium, tungsten, and zinc, a layer containing tin
and zinc, a layer containing zinc and gallium, a layer
containing zinc and aluminum, a layer containing zinc and
fluorine, a layer containing zinc and boron, a layer contain-
ing tin and antimony, a layer containing tin and fluorine, a
layer containing titanium and niobium, and the like. Any of
these layers may contain one or more of hydrogen, carbon,
nitrogen, silicon, germanium, and argon.

The layers 551 and 552 may have a property of transmit-
ting visible light. Alternatively, the layers 551 and 552 may
have a property of not transmitting visible light, ultraviolet
light, infrared light, or X-rays by reflecting or absorbing it.
In some cases, such a property can suppress a change in
electrical characteristics of the transistor due to stray light.

The layers 551 and 552 are preferably formed using a
layer that does not form a Schottky barrier with the OS layer
532. Thus, on-state characteristics of the OS transistors 505
and 506 can be improved.

Note that the layers 551 and 552 preferably have higher
resistance than the conductive layers 541 and 542. The
layers 551 and 552 each preferably have resistance lower
than the channel resistances of the OS transistors 505 and
506. For example, the layers 551 and 552 may have resis-
tivity higher than or equal to 0.1 Qcm and lower than or
equal to 100 Qcm, higher than or equal to 0.5 Qcm and
lower than or equal to 50 Qcm, or higher than or equal to 1
Qcm and lower than or equal to 10 Qcm. The layers 551 and
552 having resistivity within the above range can reduce
electric field concentration in a boundary portion between
the channel and the drain. Therefore, a change in electrical
characteristics of the transistor can be suppressed. In addi-
tion, a punch-through current generated by an electric field
from the drain can be reduced. Thus, a transistor with small
channel length can have favorable saturation characteristics.
Note that in a circuit configuration where the sources and the
drains of the OS transistors 505 and 506 do not interchange
during the operation, only one of the layers 551 and 552
(e.g., the layer on the drain side) may be preferably pro-
vided.
<<Structure of Oxide Semiconductor>>

An oxide semiconductor is classified into a single crystal
oxide semiconductor and a non-single-crystal oxide semi-
conductor. Examples of a non-single-crystal oxide semicon-
ductor include a c-axis aligned crystalline oxide semicon-
ductor (CAAC-OS), a polycrystalline oxide semiconductor,
a nanocrystalline oxide semiconductor (nc-OS), and an
amorphous oxide semiconductor. From another perspective,
an oxide semiconductor is classified into an amorphous
oxide semiconductor and a crystalline oxide semiconductor.
Examples of a crystalline oxide semiconductor include a
single crystal oxide semiconductor, a CAAC-OS, a poly-
crystalline oxide semiconductor, and a microcrystalline
oxide semiconductor.

In this specification, the term “parallel” indicates that the
angle formed between two straight lines is greater than or
equal to —10° and less than or equal to 10°, and accordingly
also includes the case where the angle is greater than or
equal to —5° and less than or equal to 5°. A term “substan-
tially parallel” indicates that the angle formed between two
straight lines is greater than or equal to —30° and less than
or equal to 30°. In addition, a term “perpendicular” indicates
that the angle formed between two straight lines is greater
than or equal to 80° and less than or equal to 100°, and
accordingly includes the case where the angle is greater than
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or equal to 85° and less than or equal to 95°. A term
“substantially perpendicular” indicates that the angle formed
between two straight lines is greater than or equal to 60° and
less than or equal to 120°. In this specification, trigonal and
rhombohedral crystal systems are included in a hexagonal
crystal system.

<CAAC-0OS>

A CAAC-OS is one of oxide semiconductors having a
plurality of c-axis aligned crystal parts (also referred to as
pellets). Note that a CAAC-OS can be referred to as an oxide
semiconductor including c-axis aligned nanocrystals
(CANC).

In a combined analysis image (also referred to as a
high-resolution TEM image) of a bright-field image and a
diffraction pattern of a CAAC-OS, which is obtained using
a transmission electron microscope (TEM), a plurality of
pellets can be observed. However, in the high-resolution
TEM image, a boundary between pellets, that is, a grain
boundary is not clearly observed. Thus, in the CAAC-OS, a
reduction in electron mobility due to the grain boundary is
less likely to occur.

Note that in structural analysis of the CAAC-OS by an
out-of-plane method, another peak may appear when 20 is
around 36°, in addition to the peak at 20 of around 31°. The
peak of 20 at around 36° indicates that a crystal having no
c-axis alignment is included in part of the CAAC-OS. It is
preferable that in the CAAC-OS analyzed by an out-of-plane
method, a peak appear when 26 is around 31° and that a peak
not appear when 26 is around 36°.

On the other hand, in structural analysis of the CAAC-OS
by an in-plane method in which an X-ray is incident on a
sample in a direction substantially perpendicular to the
c-axis, a peak appears when 20 is around 56°. This peak is
derived from the (110) plane of the InGaZnO, crystal. In the
case of the CAAC-OS, when analysis (¢ scan) is performed
with 20 fixed at around 56° and with the sample rotated
using a normal vector of the sample surface as an axis (¢
axis), a peak is not clearly observed. In contrast, in the case
of a single crystal oxide semiconductor of InGaZnO,, when
¢ scan is performed with 20 fixed at around 56°, six peaks
which are derived from crystal planes equivalent to the (110)
plane are observed. Accordingly, the structural analysis
using XRD shows that the directions of a-axes and b-axes
are irregularly oriented in the CAAC-OS. The electron
diffraction also indicates that crystal parts included in the
CAAC-OS have c-axis alignment and that the c-axes are
aligned in a direction substantially perpendicular to the
formation surface or the top surface of the CAAC-OS.

Moreover, the CAAC-OS is an oxide semiconductor
having a low density of defect states. Defects in the oxide
semiconductor are, for example, a defect due to impurity and
oxygen vacancies. Therefore, the CAAC-OS can be
regarded as an oxide semiconductor with a low impurity
concentration, or an oxide semiconductor having a small
number of oxygen vacancies. The impurity contained in the
oxide semiconductor might serve as a carrier trap or serve as
a carrier generation source. Furthermore, oXygen vacancies
in the oxide semiconductor serve as carrier traps or serve as
carrier generation sources when hydrogen is captured
therein.

Note that the impurity means an element other than the
main components of the oxide semiconductor, such as
hydrogen, carbon, silicon, or a transition metal element. For
example, an element (specifically, silicon or the like) having
higher strength of bonding to oxygen than a metal element
included in an oxide semiconductor extracts oxygen from
the oxide semiconductor, which results in disorder of the
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atomic arrangement and reduced crystallinity of the oxide
semiconductor. A heavy metal such as iron or nickel, argon,
carbon dioxide, or the like has a large atomic radius (or
molecular radius), and thus disturbs the atomic arrangement
of the oxide semiconductor and decreases crystallinity.

An oxide semiconductor having a low density of defect
states (a small number of oxygen vacancies) can have a low
carrier density. Such an oxide semiconductor is referred to
as a highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor. A CAAC-OS has a low
impurity concentration and a low density of defect states.
That is, a CAAC-OS is likely to be a highly purified intrinsic
or substantially highly purified intrinsic oxide semiconduc-
tor. Thus, a transistor including a CAAC-OS rarely has a
negative threshold voltage (is rarely normally on). The
highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor has few carrier traps. Charges
trapped by the carrier traps in the oxide semiconductor take
a long time to be released. The trapped charges may behave
like fixed electric charges. Thus, the transistor which
includes the oxide semiconductor having a high impurity
concentration and a high density of defect states might have
unstable electrical characteristics. However, a transistor
including a CAAC-OS has small variation in electrical
characteristics and high reliability.

Since the CAAC-OS has a low density of defect states,
carriers generated by light irradiation or the like are less
likely to be trapped in defect states. Therefore, in a transistor
using the CAAC-OS, change in electrical characteristics due
to irradiation with visible light or ultraviolet light is small.
<Microcrystalline Oxide Semiconductor>

A microcrystalline oxide semiconductor has a region in
which a crystal part is observed and a region in which a
crystal part is not clearly observed in a high-resolution TEM
image. In most cases, the size of a crystal part included in the
microcrystalline oxide semiconductor is greater than or
equal to 1 nm and less than or equal to 100 nm, or greater
than or equal to 1 nm and less than or equal to 10 nm. An
oxide semiconductor including a nanocrystal that is a micro-
crystal with a size greater than or equal to 1 nm and less than
or equal to 10 nm, or a size greater than or equal to 1 nm and
less than or equal to 3 nm is specifically referred to as a
nanocrystalline oxide semiconductor (nc-OS). For example,
in a high-resolution TEM image of the nc-OS film, a grain
boundary is not always found clearly. Note that there is a
possibility that the origin of the nanocrystal is the same as
that of a pellet in a CAAC-OS. Therefore, a crystal part of
the nc-OS may be referred to as a pellet in the following
description.

In the nc-OS, a microscopic region (for example, a region
with a size greater than or equal to 1 nm and less than or
equal to 10 nm, in particular, a region with a size greater than
or equal to 1 nm and less than or equal to 3 nm) has a
periodic atomic arrangement. There is no regularity of
crystal orientation between different pellets in the nc-OS.
Thus, the orientation of the whole film is not ordered.
Accordingly, in some cases, the nc-OS cannot be distin-
guished from an amorphous oxide semiconductor, depend-
ing on an analysis method. For example, when the nc-OS is
subjected to structural analysis by an out-of-plane method
with an XRD apparatus using an X-ray having a diameter
larger than the size of a pellet, a peak which shows a crystal
plane does not appear. Furthermore, a diffraction pattern like
a halo pattern is observed when the nc-OS is subjected to
electron diffraction using an electron beam with a probe
diameter (e.g., 50 nm or larger) that is larger than the size of
a pellet (the electron diffraction is also referred to as
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selected-area electron diffraction). Meanwhile, spots appear
in a nanobeam electron diffraction pattern of the nc-OS
when an electron beam having a probe diameter close to or
smaller than the size of a pellet is applied. Moreover, in a
nanobeam electron diffraction pattern of the nc-OS, regions
with high luminance in a circular (ring) pattern are shown in
some cases. Also in a nanobeam electron diffraction pattern
of'the nc-OS layer, a plurality of spots is shown in a ring-like
region in some cases.

Since there is no regularity of crystal orientation between
the pellets (nanocrystals) as mentioned above, the nc-OS can
also be referred to as an oxide semiconductor including
random aligned nanocrystals (RANC) or an oxide semicon-
ductor including non-aligned nanocrystals (NANC).

The nc-OS is an oxide semiconductor having more regu-
larity than an amorphous oxide semiconductor. Therefore,
the nc-OS is likely to have a lower density of defect states
than an amorphous oxide semiconductor. Note that there is
no regularity of crystal orientation between different pellets
in the nc-OS. Therefore, the nc-OS has a higher density of
defect states than the CAAC-OS.
<Amorphous Oxide Semiconductor>

The amorphous oxide semiconductor is such an oxide
semiconductor having disordered atomic arrangement and
no crystal part. For example, the amorphous oxide semicon-
ductor does not have a specific state as in quartz. In a
high-resolution TEM image of the amorphous oxide semi-
conductor, crystal parts cannot be found. When the amor-
phous oxide semiconductor is subjected to structural analy-
sis by an out-of-plane method with an XRD apparatus, a
peak which shows a crystal plane does not appear. A halo
pattern is observed when the amorphous oxide semiconduc-
tor is subjected to electron diffraction. Furthermore, a spot is
not observed and only a halo pattern appears when the
amorphous oxide semiconductor is subjected to nanobeam
electron diffraction.

There are various understandings of an amorphous struc-
ture. For example, a structure whose atomic arrangement
does not have ordering at all is called a completely amor-
phous structure. Meanwhile, a structure which has ordering
until the nearest neighbor atomic distance or the second-
nearest neighbor atomic distance but does not have long-
range ordering is also called an amorphous structure. There-
fore, the strictest definition does not permit an oxide
semiconductor to be called an amorphous oxide semicon-
ductor as long as even a negligible degree of ordering is
present in an atomic arrangement. At least an oxide semi-
conductor having long-term ordering cannot be called an
amorphous oxide semiconductor. Accordingly, because of
the presence of a crystal part, for example, a CAAC-OS and
an nc-OS cannot be called amorphous oxide semiconductors
or completely amorphous oxide semiconductors.
<Amorphous-like Oxide Semiconductor>

Note that an oxide semiconductor may have a structure
intermediate between the nc-OS and the amorphous oxide
semiconductor. The oxide semiconductor having such a
structure is specifically referred to as an amorphous-like
oxide semiconductor (a-like OS).

In a high-resolution TEM image of the a-like OS, a void
may be observed. Furthermore, in the high-resolution TEM
image, there are a region where a crystal part is clearly
observed and a region where a crystal part is not observed.
The a-like OS has an unstable structure because it contains
avoid. Furthermore, the a-like OS has lower density than the
nc-OS and the CAAC-OS because it contains a void. Spe-
cifically, the density of the a-like OS is higher than or equal
to 78.6% and lower than 92.3% of the density of the single
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crystal oxide semiconductor having the same composition.
The density of each of the nc-OS and the CAAC-OS is
higher than or equal to 92.3% and lower than 100% of the
density of the single crystal oxide semiconductor having the
same composition. Note that it is difficult to deposit an oxide
semiconductor layer having a density of lower than 78% of
the density of the single crystal oxide semiconductor layer.

For example, in the case of an oxide semiconductor
having an atomic ratio of In:Ga:Zn=1:1:1, the density of
single crystal InGaZnO, with a thombohedral crystal struc-
ture is 6.357 g/cm®. Accordingly, in the case of the oxide
semiconductor having an atomic ratio of In:Ga:Zn=1:1:1,
the density of the a-like OS is higher than or equal to 5.0
g/cm® and lower than 5.9 g/cm?. For example, in the case of
the oxide semiconductor having an atomic ratio of In:Ga:
Zn=1:1:1, the density of each of the nc-OS and the CAAC-
OS is higher than or equal to 5.9 g/cm® and lower than 6.3
g/em’.

Note that there is a possibility that an oxide semiconduc-
tor having a certain composition cannot exist in a single
crystal structure. In that case, single crystal oxide semicon-
ductors with different compositions are combined at an
adequate ratio, which makes it possible to calculate density
equivalent to that of a single crystal oxide semiconductor
with the desired composition. The density of a single crystal
oxide semiconductor having the desired composition can be
calculated using a weighted average according to the com-
bination ratio of the single crystal oxide semiconductors
with different compositions. Note that it is preferable to use
as few kinds of single crystal oxide semiconductors as
possible to calculate the density.

Oxide semiconductors have various structures and vari-
ous properties. A semiconductor layer of an OS transistor
may be formed using a stacked film including two or more
of an amorphous oxide semiconductor, an a-like OS, a
microcrystalline oxide semiconductor, and a CAAC-OS, for
example.

This application is based on Japanese Patent Application
serial no. 2014-201056 filed with Japan Patent Office on
Sep. 30, 2014, the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. A logic circuit comprising:

a first wiring, a first transistor, and a first node, the first

transistor connecting the first node to the first wiring;

a second wiring, a second transistor, and a second node,

the second transistor connecting the second node to the
second wiring;

a third wiring, a third transistor, and a third node, the third

transistor connecting the third node to the third wiring;

a dynamic logic circuit comprising fourth transistors in a

circuit connected between the first node and the second
node; and

a capacitor,

wherein the second node is electrically connected to the

third node via the capacitor.

2. The logic circuit according to claim 1, wherein the
fourth transistors each include an oxide semiconductor com-
prising a channel formation region.

3. A logic circuit comprising:

a first wiring, a first transistor, and a first node, the first

transistor connecting the first node to the first wiring;

a second wiring, a second transistor, and a second node,

the second transistor connecting the second node to the
second wiring;

a third wiring, a third transistor, and a third node, the third

transistor connecting the third node to the third wiring;
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a dynamic logic circuit comprising fourth transistors in a
circuit connected between the first node and the second
node;

a fourth wiring and a first capacitor, the first capacitor
connecting the second node to the fourth wiring; and

a second capacitor,

wherein the second node is electrically connected to the
third node via the second capacitor.

4. The logic circuit according to claim 3, wherein the
fourth transistors and the third transistor each include an
oxide semiconductor comprising a channel formation
region.

5. A semiconductor device comprising:

additional wirings; and

AND circuits,

wherein the AND circuits each include the logic circuit
according to claim 1,

wherein each of the additional wirings is electrically
connected to a corresponding one of output nodes of
the AND circuits, and

wherein the semiconductor device is configured to select
one wiring of the additional wirings by logical opera-
tion of the AND circuits.

6. A semiconductor device comprising:

additional wirings; and

AND circuits,

wherein the AND circuits each include the logic circuit
according to claim 3,

wherein each wiring of the additional wirings is electri-
cally connected to a corresponding one of output nodes
of the AND circuits, and

wherein the semiconductor device is configured to select
one wiring of the additional wirings by logical opera-
tion of the AND circuits.

7. A semiconductor device comprising:

a circuit array of a plurality of circuits; and

a peripheral circuit for driving the circuit array,

wherein the peripheral circuit includes the logic circuit
according to claim 1.

8. A semiconductor device comprising:

a circuit array of a plurality of circuits; and

a peripheral circuit for driving the circuit array,

wherein the peripheral circuit includes the logic circuit
according to claim 3.

9. An electronic component comprising:

a substrate on which the logic circuit according to claim
1 is formed; and

a lead electrically connected to the logic circuit.

10. An electronic component comprising:

a substrate on which the logic circuit according to claim
3 is formed; and

a lead electrically connected to the logic circuit.

11. An electronic device comprising:

the logic circuit according to claim 1; and

at least one of a display device, a touch panel, a micro-
phone, a speaker, an operation key, and a housing.

12. An electronic device comprising:

the logic circuit according to claim 3; and

at least one of a display device, a touch panel, a micro-
phone, a speaker, an operation key, and a housing.

13. The logic circuit according to claim 1, wherein a gate
electrode of the third transistor is directly connected to a
node connected to the capacitor via a source and a drain of
the third transistor.
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14. The logic circuit according to claim 3, wherein a gate
electrode of the third transistor is directly connected to a
node connected to the second capacitor via a source and a
drain of the third transistor.

15. An electronic component comprising the logic circuit
according to claim 13, configured so that, in operation:

a power supply voltage applied to the third wiring is
greater than a power supply voltage applied to the first
wiring, and

the power supply voltage applied to the first wiring is
greater than a power supply voltage applied to the
second wiring.

16. An electronic component comprising the logic circuit

according to claim 14, configured so that, in operation:

a power supply voltage applied to the third wiring is
greater than a power supply voltage applied to the first
wiring,

the power supply voltage applied to the first wiring is
greater than a power supply voltage applied to the
second wiring and greater than a power supply voltage
applied to the fourth wiring.

#* #* #* #* #*
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